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Abstract 
Keywords: dynamic simulation, reconfiguration, modularisation, model optimisation, 
parameter reduction, automotive drivetrain. 
The work of this thesis is concerned with the aggregation and advancement of 
modelling practise as used within modern day product development and optimisation 
environments making use of Model Based Design (“MBD”) and similar procedures.   
A review of model development and use forms the foundation of the work, with the 
findings being aggregated into two unique approaches for rapid model development and 
reconfiguration; the Plug-and-Simulate (“PaS”) approach and the Paradigm for Large 
Model Creation (“PLMC”); each shown to posses its own advantages. 
To support the MBD process a model optimisation algorithm that seeks to eliminate 
parameters that are of little or no significance to a simulation is developed.  
Eliminations are made on the basis of an energy analysis which determines the activity 
of a number of energy elements.  Low activity elements are said to be of less 
significance to the global dynamics of a model and thus become targets for elimination. 
A model configuration tool is presented that brings together the PLMC and parameter 
elimination algorithm.  The tool is shown to be useful for rapid configuration and 
reconfiguration of models and is capable of automatically running the optimisation 
algorithms thus producing a simulation model that is parametrically and 
computationally optimised. 
The response of the plug-and-simulate drivetrain submodels, assembled to represent a 
front wheel drive drivetrain, is examined.  The resulting model is subjected to a torque 
step-input and an empirically obtained torque curve that characterises the input to a 
drivetrain undergoing steady acceleration.   The model displays the expected response 
in both its full parameter and parameter reduced versions with simulation efficiency 
gains observed in the parameter reduced version.  
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Chapter 1 
Introduction 
The use and complexity of computer simulation methods for the development and 
optimisation of physical systems continues to increase in industry [1-3]. Through their 
use, particularly within the early stages of the design process, significant cost and time 
gains may be made when compared with more traditional  physical prototyping methods 
[4, 5]. 
1.1 Product Development Using Simulation Models 
The increase in use of simulation methods is driven by the demands for a reduced time 
to market, lower development costs and more rapid product evolution; simulation 
methods help achieve these gains through a concurrent approach to engineering.  
Concurrent engineering is made possible by elimination of the sequential dependency of 
one sub-part upon another, an example of these dependencies may be seen in the 
development of an electronic control unit, (“ECU”). To be able to develop the ECU the 
workings of the hardware under control must be known, consequentially the hardware 
must be available in some form during the development process. Although not explicitly 
considered here this is also true of purely mechanical systems where it is often the case 
that the integration of sub-parts developed in isolation of one another may be the cause 
of problems previously not considered [6]. 
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Use is made of simulation methods in product development [7-9] and optimisation [10, 
11] however the greatest increase in use may be observed in the development of 
mechatronic systems.  The popularity of mechatronic systems themselves is on the 
increase particularly within the automotive and aerospace industries, driven primarily 
by legislation (American Clean Air Act 1963, EURO I to VII) [12-15] and customer’s 
expectations.  The evidence of this may be seen in modern automotives some of which 
have up to seventy unique electronic control units (“ECUs”) [16] compared to those of 
previous years. 
An example of concurrent development used for (embedded) systems may be seen in 
the Model Based Design process (“MBD”), promoted by the Mathworks [17, 18].  
1.2 Model Based Design 
Model Based Design is a model centric product development process intended for use 
with mechatronic systems, particularly though not exclusively, embedded controllers 
[16, 19].  The MBD process may be visualised using a V-diagram as shown in Figure 
1-1 which includes both design and integration phases. 
Isermann [20] describes the MBD process as beginning with the determination of the 
system requirements from which the design specification is informed.  From this the 
structure of the system to be created is determined and the functionality and scope of 
each of its subsystems decided.  Knowing the overall structure of the system the model 
based part of the process begins with the creation of a conceptual simulation model that 
includes both a physical process to be controlled and the control algorithm (plant and 
controller models).  
Introduction 
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The executable model serves as an unambiguous definition of the mechatronic system 
to be developed, this is contrasted against a traditional paper based version which may 
be ambiguous, incomplete or inconsistent [16].  In addition as is the case with UML 
employed mainly for software design, the use of models is said to help gain an 
understanding of the functionality of a system and provide a means of communication 
between stakeholders [22]. 
In the design phase of the process (see Figure 1-1) the controller is developed using 
both offline and real time simulation methods.  The offline methods usually require the 
plant and controller models to be run on the same computer and there is no requirement 
for simulation time to equal real time.  This is often called Software-in-Loop simulation 
Figure 1-1 A V-diagram visualisation of the MBD (adapted from [20, 21]). 
 
Requirements &  
produce 
specification 
Modelling & 
simulation e.g. 
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System testing 
& production 
Preproduction 
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manufacture 
Control 
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Component 
testing e.g.HiL 
System 
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because the controller algorithm exists ‘in loop’ with the hardware, both in a software 
form.  The real time simulation methods used during the design phase involve running 
the controller model on dedicated real time hardware such as the MicroAutoBox  [23] 
either in full-pass or by-pass modes as shown in Figure 1-2.  In full-pass mode the entire 
controller (complete functionality) runs on the dedicated hardware and is responsible for 
control of the plant in either its physical form or as a plant model running in real time.  
In by-pass mode the dedicated hardware is responsible for a part of the control 
functionality and is run in parallel with an existing version of the ECU.  This is used to 
develop or test particular control functions. 
 (a) 
  
 
 
 
 (b) 
 
 
 
 
 
 
 
Figure 1-2 MBD Control Prototyping in full-pass (a) and by-pass (b) modes 
Dedicated real time 
hardware 
Plant or plant model 
Dedicated real time 
hardware 
ECU 
Plant or plant model 
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Beyond this, in the integration phase after a pre-production version of the controller 
hardware is available the model may also be used for testing a production version of the 
embedded controller.  The hardware controller can be connected through the appropriate 
wiring harness to a real time simulation model that mimics the physical plant the 
embedded system is designed to control.  This is known as Hardware in Loop (“HiL”) 
simulation. 
 
 
 
 
 
 
Throughout the development process of the mechatronic controller the form and 
function of the overall model (plant and controller) is required to change as the various 
simulation tasks are completed.   This is equally true for any model based development
1
 
procedure that makes use of the simulation techniques used within MBD.  It is 
necessary therefore to make use of a managed approach to model creation and 
reconfiguration. 
                                                 
1
 Model based development is defined here as any product development process that makes use of models 
of which MBD is a specific example. 
Plant model running on simulator 
Pre-production ECU 
Figure 1-3 HiL simulation using a dSPACE simulator running the plant model and a pre-
production version of an ECU 
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1.3 Scope and Content 
An important prerequisite of any of the concurrent engineering methods used for 
product development is a reliable system model.  This is especially true of MBD and 
equivalent processes which normally involve some interaction between a plant and 
controller.  The work of this thesis is primarily, though not exclusively, concerned with 
the development of the techniques and methods used for the creation of plant models 
used within the automotive industry in MBD and similar environments. 
Following a review of literature pertaining to model creation and development a simple 
Plug-and-Simulate (“PaS”) approach to model creation is proposed. The PaS approach 
is compared with a Paradigm for Large Model Creation (“PLMC”). 
A number of PaS submodels are created that are sufficient when assembled together to 
characterise the drivetrain of a modern day conventionally powered automotive of 
standard configuration i.e. front, rear, etc wheel drive.  These submodels serve as an 
example of the modular submodels that may be used as part of both the PaS and PLMC 
approaches. 
It is shown that models assembled (making use of submodels created at a time earlier 
than their use) are by design generic and therefore intended to exhibit the general 
behaviour of the physical component they are created to characterise.  Parameter 
elimination, a form of model reduction, is developed to provide a means of reducing the 
parameter set of a model in-situ.  This is undertaken so as to provide parametrically and 
computationally efficient models that have less of a parameterisation burden enabling 
use of models earlier in the development process. 
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Finally before demonstrating the simulation capabilities of the submodels, combining 
the parameter elimination routine and PEMEA, the Model Configuration Tool (“MCT”) 
is shown.  The MCT is a graphical user interface developed for the automatic 
configuration and optimisation of Simulink models based on a simple user specification.  
This chapter now begins by outlining the role that dynamic simulation models have in 
the design process.  Following from this is an overview of the vehicle drivetrain, which 
is the system to which the modelling developments discussed herein are applied. Finally 
the aims and objectives of this work are given, its contributions outlined and the 
structure of the thesis given in overview. 
1.4 Dynamic Simulation Models 
In defining the role of the dynamic simulation model it is useful to start from the 
supposition of George Box [24], regarding statistical models that “all models are wrong, 
some are useful”.  This is equally true of dynamic simulation models which are a 
selective abstraction of reality, representing only those dynamics judged by the model 
creator to be necessary for the simulation task at hand.  
The ability of a simulation model to characterise important aspects of a system’s 
behaviour enables it to be used as a relatively cheap tool. Models are increasingly used 
throughout all stages of product development and optimisation. This is demonstrated by 
MBD-based and similar processes that begin with an executable (model based) system 
specification. 
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Coupling the computer simulated model with real-world hardware, as demonstrated in 
the early study by Penn [25], extends the capabilities of the model as a development 
tool and forms the basis of the control prototyping and Hardware-in-Loop methods. 
Throughout a development process models are likely to change in form (and possibly 
function) as the design is refined and different phases of the design process are 
undertaken.  This requires a managed approach to model creation and reconfiguration 
especially for large multi-user, multi-location development environments. 
1.5 Vehicle Drivetrain 
The automotive drivetrain is the area of application of this study and is here defined as 
that part of the powertrain (see Figure 1-4) that excludes the powerplant. 
 
 
 
 
Figure 1-4 Schematic diagram of a typical front wheel drive vehicle powertrain. 
The number of vehicle configurations is large and ever increasing, mechanical hybrid, 
fuel cell vehicles and more modern configurations greatly adding to the number of 
variations.  Common to all of these is a number of unique subsystems, the most 
common of which are the powerplant, clutch, gearbox, differential, final drive and 
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wheel and tyre.  Figure 1-5 shows a number of different configurations for a vehicle 
with front-mounted engine and the repeat occurrence of the aforementioned subsystems. 
The dynamics of the drivetrain are the subject of many studies such as those looking at 
shuffle and clunk [26-29], and other more general studies [30-32] .  Each has its own 
approach to the creation of drivetrain models and includes various components said by 
the author to affect the response of the system to an input. 
 (a) (b) 
  
  
 
 
 
 
 
 
 (c) 
 
 
 
 
 
Figure 1-5 Various rear (a), four (b) and front (c) wheel drive configurations [33] for 
vehicles with front-mounted engines. 
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1.6 Aims & Objectives 
The aim of this work is the aggregation and advancement of existing simulation model 
creation and reconfiguration practise made use of within the automotive industry for 
product development and optimisation in MBD and similar environments.  Particular 
emphasis is placed on the creation and reconfiguration of plant models used within 
MBD and similar processes. 
In achieving the main aim a number of more specific objectives are to be realised. 
• Improve the understanding of current modelling practise and in so doing identify 
current modelling best practise and on the basis of this understanding to define 
an approach to modelling in which this may be achieved. 
• Develop a means by which plant models may be more rapidly created and then 
subsequently reconfigured.  The structure of the models must be such that they 
may be used throughout the product development process and thus realtime 
capable. 
• In rapidly creating plant models, ensure that the resulting model is 
parametrically and computationally optimised for each of the simulation tasks 
that it will be required to complete. 
• To demonstrate the use of the aforementioned work for a number of different 
simulation tasks. 
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1.7 Contributions 
The depth and breadth of this work across a number of disciplines enables the work 
outlined within this thesis to make a contribution in a number of unique ways, these are 
summarised as follows; 
• A review of current simulation modelling practise and an aggregation of best 
modelling practise resulting in the definition of two unique approaches to 
simulation model creation, the Plug-and-Simulate and Paradigm for Large 
Model Creation. 
• In creating the functional components of the PaS and PLMC a number of unique 
realtime drivetrain submodels are created.  Included within these is a realtime 
Stateflow clutch model unique in literature. 
• Development of the energy based model optimisation methods of Rosenberg and 
Louca for use in the parametric and computational optimisation of Simulink 
models in-situ. 
• The development of a Model Configuration Tool used for the rapid 
configuration of Simulink models created using the PLMC incorporating a 
model optimisation algorithm. 
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1.8 Structure of the Thesis 
The thesis is organised into nine chapters which are organised as shown in the overview 
given in Figure 1-6. 
Chapter 2 provides an introduction to system modelling looking at the development of 
system models using block diagrams, bond graphs and programmatic approaches.   
Chapter 3 continues the review of the previous chapter with focus on the modular 
modelling methods.  In defining a reconfigurable modelling approach the programmatic 
object-oriented methods to model development are investigated.   
Chapter 4 aggregates the literature findings of the two previous chapters and proposes 
two unique approaches to simulation model creation; the Plug-and-Simulate and 
Paradigm for large model creation.  
Chapter 5 begins the process of creating a number of PaS drivetrain submodels.  The 
models are defined in terms of a number of vehicle drivetrain systems and the system 
equations generated 
Chapter 6 discusses the implementation of PaS drivetrain submodels using the 
Simulink modelling and simulation platform.  The result of the chapter is a number of 
realtime drivetrain submodels that may be assembled together in representation of a 
range of conventional vehicle drivetrains. 
Chapter 7 presents an energy based parameter elimination and model evaluation 
algorithm used for optimisation of models created using PaS or PLMC. 
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Chapter 8 concerns the development of a Model Configuration tool that brings together 
the PLMC, model optimisation and PaS submodels for automatic configuration and 
optimisation of simulation models based on a simple user specification. 
 Chapter 9, the penultimate chapter of the thesis demonstrates the use of PaS 
submodels, PaS and PLMC approaches and the optimisation algorithm previously 
developed. 
Chapter 10 concludes the work undertaken by drawing conclusions and making a 
number of recommendations for further work.  
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Figure 1-6 Schematic diagram showing the thesis layout. 
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Chapter 2 
A Literature Review of Modelling Practise 
In this chapter a literature based review of modelling practise is undertaken.  A number 
of different simulation studies which represent a typical ‘cross section’ of the available 
literature are discussed for the purpose of indicating the method used in each to create 
the simulation model.   
The results of the review show that three different but very definite approaches to the 
act of simulation model creation are generally observed.  These are the traditional, finite 
element and modular approaches.  
2.1 System Model Creation 
The advance of physical system modelling is closely linked to the development of 
computer hardware and software technology [34, 35]. It can be shown that the 
development or indeed the advancement of physical system modelling is stepped and 
coincides with the advancement of computer technology. These ‘steps’ include the 
advent of analogue computers (c.1931), electronic analogue computers (c.1947) and 
digital computers (c.1955). 
The definition of a system is a difficult one to pinpoint and it is often used ambiguously.  
In attempting to define a system Karnopp and Rosenberg [36] make two suggestions; 
a. A system is an entity separable from the rest of the universe. 
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b. It is composed of a number of interacting parts. 
The suggestions of Karnopp and Rosenberg are added to by Severance [37] who notes 
that all systems have a number of common features, these are; 
a. The system produces some output in response to an input. 
b. They can be separated into a number of subsystems. 
c. They may be applied over a number of application domains. 
Stepping over the ambiguity of these definitions Fritzson [35]  declares that “a system is 
an object or collection of objects whose properties we want to study”.  For the purpose 
of the discussions held in this document this definition is taken to be adequate.   
It should be noted that within this work a system model is defined differently to a 
simulation model the former being the mathematical system description i.e. system 
equations and the latter the simulation executable normally created using some software 
tool (simulation platform). 
The system model is an abstraction of the real system, providing a window through 
which a subset of the system’s characteristics may be observed.  Abstraction is defined 
by Hamilton [38] as a “process that involves identifying the crucial behaviour of an 
object and eliminating irrelevant and tedious details.”  
In creating a model of the system a selection of the controllable inputs of the real 
system are chosen as inputs to the system model as shown in Figure 2-1 (a) and (b).  The 
controllable inputs of the real system differ from those that are inaccessible and/or 
 uncontrollable (disturbances) in that they have a definite 
output of the real system, they are therefore an important
development. 
 (a) 
  
 
 
 
 (b) 
 
 
 
Models of systems may be separated into two broad categories, those whose behaviour 
changes over time, dynamic 
of time (e.g. steady state)
system model as one in which “time plays no role” either explicitly or implicitly.  Using 
a simple capacitor model (
who adds that a dynamic system model is one whose behaviour depends 
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2.2 ‘Traditional’ Approaches 
Biermann and Hagerodt [40] develop a driveline model used to determine the suitability 
of a static experimental rig for the study of ‘clonk’ in real driving conditions. The 
experimental rig is an automotive transmission and differential whose output shafts (left 
and right hand) are fixed.   
Initially an eight degree of freedom lumped parameter drivetrain model is created.  The 
model is simplified by inertia reduction through which unconnected gearwheels are 
consolidated to either the input or output shafts of the transmission.   
A further similarly approached study, by Fredriksson [10], investigates active damping 
of the powertrain by engine torque modulation for the purpose of decreasing low 
frequency vibrations. A powertrain model is developed for simulation of powertrain 
dynamics at the frequencies of interest and testing of a number of linear controllers 
employed in control of active damping.   
Similarities in the method of model creation in the aforementioned studies may be seen.  
In each case little consideration is given to the final form of and issues such as reuse, 
maintainability, development speed and cost are not considered.  This type of approach, 
classified as a traditional approach to model creation, is typical of single use models 
developed for or by small organisations or groups of researchers where the model is 
sufficiently small that all parties have an understanding of the entire model.  The scope 
of the model falls within the domain of expertise of most if not all of those involved.  
Further examples may be observed in literature [41-45]. 
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2.3 Finite Element Approaches 
Further to the studies making use of the traditional approach, Zhang et al make use of 
torsional finite elements to create a four degree of freedom simulation model of an 
automatic transmission for the purpose of gear shift analysis [46]. The torsional finite 
elements used to create the model are officially presented in later work [47] by 
Crowther taking the form shown in Figure 2-4. 
 
 
Figure 2-4 Five different torsional finite elements [47]. 
Particularly useful for torsional vibration analysis Crowther states that the elements are 
capable of being quickly combined to create the system equations of complex multi-
degree of freedom systems and existing models can be extended easily to include extra 
degrees of freedom and branching.   
GROUNDED GEAR MESH 
DIRECT GEARED BRANCHED 
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Additionally the studies by Zhang and Crowther [48-50] demonstrate the use of 
torsional finite elements for a variety of other transmission related studies.   
The main advantage of the finite element approach over the traditional one is the speed 
with which a model may be assembled using the pre-created model units. The 
disadvantages of the approach, similarly to the traditional one, are the lack of 
correlation between the model and physical system topology.  Additionally a relatively 
large effort is required to create and then reconfigure (should it be required) the model.  
The burden of this effort may be reduced by using larger pre-created units as is shown 
next.  
2.4 Modular Approaches 
A modular approach to modelling makes use of the same principles employed in the 
finite element method though compared with the finite element the modules 
(submodels) tend to be larger.  It is usually the case that each module, depending on the 
simulation requirements, contains the dynamic essence of a physical component or 
system of components.   
Farshidianfar et al [27] and Menday [51] demonstrate modular versions of a powertrain 
model.  Farshidianfar’s three inertia model includes the engine, flywheel, clutch, 
transmission, propeller shaft, rear axle and wheel and tyre.  The model is constructed to 
enable simulation of low frequency torsional oscillations of the powertrain (shuffle) for 
any configuration using varying arrangements of the submodels.  One such arrangement 
is shown in Figure 2-5.  The inertia of the wheel, tyres and differential is reduced to the 
input shaft as in the later study by Willey [29] and the torque that is transmitted between 
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the subsystems is by way of stiffness and damping terms as shown in Equation (2.1).  
This equation shows the transfer of torque and excludes the shaft inertia which is 
reduced to the location of the components between which the transfer is made. 
 ( ) ( )i i i 1 i i i 1 iT K Bθ θ θ θ− −= − + −& &   (2.1) 
Where Ti is the input torque, K the stiffness coefficient and B the damping coefficient. 
There are a number of further studies such as those by Rubin [52], Ciesla [53], Heath 
[54], Jennings [55], Breunese [56], Wipke [57] similarly making use of a modular 
approach.   
The work by Wipke comprises a modular vehicle simulator described as “accurate, fast, 
flexible, easily shareable and easy to use”.  The simulator is intended for assessment of 
vehicle performance during drive cycle studies and looks at energy use (fuel efficiency) 
and acceleration performance. 
The underlying modularised design splits the vehicle into a number of subsystems, as 
shown in Figure 2-6, including vehicle, wheel and axle, and final drive.  The way in 
which ADVISOR [58] represents the system physics is said to be unique, utilising a 
combined backward/forward approach.  In the backwards direction it is assumed that 
the vehicle under test meets the speed required of it during the drive cycle, driver inputs 
and errors are not considered there is therefore no driver model.  From this assumption, 
the torque required of the powerplant is calculated, certain limits are placed on the 
available torque i.e. wheel traction limit and the motor controller is limited to a 
maximum torque and acceleration. 
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In the forward direction the torque available from the motor less inefficiencies is 
calculated based on the motor available speed (which does not consider the powertrain 
limits).  Finally, the vehicle speed is calculated to be the minimum speed of the 
backward and forwards calculation directions.  
Unfortunately implementation of the lower levels of hierarchy of the model are not 
discussed by Wipke, however it is plain to see that the philosophy contains errors, when 
operating in the backward direction.  Since the input to the model in the first instance is 
the drive cycle speed used to calculate the torque required, the vehicle block is forced to 
operate with differential causality (see Section 3.1) which manifests an algebraic loop in 
the block diagrams. Solution of the loop is not discussed though will probably involve 
use of the previous time step’s velocity 1nx −&  to calculate torque, T.  This may result in 
incorrect calculation of the torque required, with the resulting error being proportional 
to the time derivative of the drive cycle speed (acceleration). 
Ciesla [53] creates a library of reusable submodels for use by different automotive 
manufacturers in simulation of vehicle energy use and emissions. The library of 
submodels is said to facilitate; 
a. Easy expansion of models. 
b. Flexible construction of vehicles of differing configurations. 
c. Easy interchange of submodels. 
The submodels are created in Simulink and have a fixed IO structure with torque and 
angular velocity signals as both inputs and outputs.  Torque signals are passed in a 
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downstream direction i.e. from engine to wheels, angular velocity signals upstream 
(from wheel to engine) as shown later in Figure 4-4. Where the modelling of 
compliance between submodels is not required cumulative torque and inertia are passed 
downstream to adjacent submodel(s) for integration. 
The act of passing torques and inertias from one or more upstream modules to 
downstream adjacent modules is described in greater detail by Belton et al in [59] and is 
used as a means of reducing the number of inertias held by a model when compliance is 
not considered.  The principles of torque and inertia forwarding are explained in greater 
detail in Chapter 4. 
Apart from the advantages outlined above, the use of a modular method results in the 
displacement of the bulk of the effort required for the development of a particular model 
to a point in time that is earlier than their use.  Model creation in its strictest sense 
occurs when each of the submodels are created, usually at a time well before the master 
models are assembled; this ensures that model creation is separated as much as 
practicably possible  allowing for separation of workflows within organisations and 
reduction of the time required for true product development or optimisation.  In addition 
development time over a number of different product development cycles is reduced 
through the reuse of the submodels.  
2.5 Summary 
This chapter has briefly reviewed a selection of literature based model simulation 
studies.  These studies have shown three unique approaches to the act of model creation; 
the traditional, finite element and modular approaches.  The approach taken determines 
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the model topology, the effort required in creating and reconfiguring it and the 
reusability of each of its component parts.   
The advantages of the modular approach have been highlighted and have been shown to 
include; easy expansion of models, flexible construction and easy interchange of 
submodels. 
The chapter to follow discusses the implementation of simulation models making use of 
the block diagram, bond graph and programmatic techniques.  Object-oriented 
modelling is also considered in an effort to bring its advantages wherever possible into 
the Simulink modelling environment. 
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Chapter 3  
Model Development Methods 
This chapter begins by briefly discussing simulation causality which concerns the input 
and output orientation of the equations that constitute a simulation model.  The various 
means by which a simulation model may be created from a system model are also 
considered, specifically the block diagram, bond graph or programmatic methods.  
Following from this the features of object-oriented programming are investigated.  It is 
shown that an object-oriented approach has a number of unique features providing 
advantage compared with a ‘simple’ modular approach.   
3.1 Simulation Causality 
The way in which a model is causally oriented determines the parameters responsible 
for its input (cause) and output (effect).  In explaining causality the simple example of a 
resistor model is often used where the system model may be causally oriented such that 
either the current, I or voltage V serves as the input which determines the nature of the 
output as shown in Equations (3.1) and (3.2). 
 V IR=   (3.1) 
 
V
I
R
=   (3.2) 
Rubin [52] identifies two basic types of causality, derivative and integral.  Examples of 
the two are given in Equations (3.3) and (3.4) with the former showing derivative 
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causality and the latter integral.  For derivative causality it is implied that the sum of 
forces may be obtained by differentiation of the particles momentum with respect to 
time, the opposite being true for the integral causality. Integral causality is required of 
system equations by the numerical solvers and is for this reason preferred.  
 
( )d Mx F
dt
=∑&
  (3.3) 
 
Mx F dt c= +∫&   (3.4) 
where M is the mass of a particle, subject to the net force F and moving at velocity x& . 
Munns [60] discusses the effect causality has on the modelling of mechanical and 
thermodynamic systems and classifies mechanical (and thermodynamic) devices as 
either inertial elements which accept forces as inputs and pass speeds as outputs or 
alternatively capacitive elements that accept speeds as inputs and pass forces as outputs. 
To maintain integral causality for both of these types of elements they must be arranged 
in an alternating manner such that the output speed of an inertial element becomes the 
input to a capacitive element.   
3.2 Development of Dynamic Models of Physical Systems 
The development of simulation models is by some seen as much of an art as a science.  
Karnopp and Rosenberg [61] state that the ‘art’ of the process is in choosing a model (a 
level of abstraction) that exactly represents the system characteristics of interest without 
unnecessary complexity or oversimplification. This view is supported by Sendur [62] 
who states that less experienced model developers have a tendency to include as many 
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features in a model as possible such that the dynamics of interest are not inadvertently 
excluded. It is only the most experienced of model developers that know intuitively 
which model features to include.  This is part of the justification for the parameter 
elimination methods discussed later in Chapter 7. 
The process of simulation model creation may generally be undertaken in two parts. 
Firstly by deriving the system equations i.e. the system model and then by encoding the 
system equations using some simulation software platform to form an executable 
simulation model. 
The process of system model development (see Figure 3-1) begins as Cannon [63] 
suggests by the examination of some real world system. The system must be identified 
and conceptually isolated so that it becomes an identifiable region in space interacting 
with its environment through its inputs and outputs. From this position a number of 
simplifying assumptions may be made, such as;  
a. The exclusion of insignificant effects. 
b. Replacing spatially dependent characteristics with lumped characteristics. 
c. Assuming physical parameters do not change with time. 
d. Neglecting disturbances. 
Considering both the system definition and the simplifying assumptions, in physically 
based modelling at least, a number of physical laws may then be applied and the system 
equations determined. The application of physical laws may be replaced in the case of 
non-physically based systems using system identification techniques.   
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Figure 3-1 A schematic diagram of the simulation model development process. 
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Once the system model has been determined its mathematical description is encoded 
using a software tool to form the simulation model which is an executable description of 
the physical system.  This is the tool to be used as part of some product development or 
optimisation programme.  The process of encoding the system equations varies 
according to the method and/or the software platform used.  Three different methods are 
considered in the sections to follow:- the block diagram, bond graph and programmatic 
approaches.   
3.2.1 Block Diagram Model Development  
The development of simulation models using the block diagrams, through Simulink at 
least, is perhaps the most commonly used technique in industry at the present time.  A 
graphical editor is used to construct block diagrams representing the system equations 
with the majority of the blocks characterising simple mathematical operations.   
An example of a block diagram representing the simple mass-spring-damper system of 
Figure 3-2 and Equation (3.5) is shown in Figure 3-3. 
 
 
 
 
 
 
 
Figure 3-2 A simple mass-spring-damper system 
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  (3.5) 
Where F is the excitation force, B the coefficient of damping, K the spring stiffness and 
M the mass.  ,x x&& &  and x  denote the linear acceleration, velocity and position of the 
mass in the damper system. 
 
 
 
 
 
 
Block diagram modelling requires that the system equations be presented explicitly in a 
state space form.  Models are thus composed of a number of interconnected equations; 
data flow is predetermined (causal) and unidirectional and models can be structured 
hierarchically. 
3.2.2 Bond Graph Model Development  
In a study of bond graphs used for vehicle dynamics, Karnopp [64], likens the bond 
graph graphical representation of the system for rigid bodies to circuit diagrams for 
electrical systems, and states that it gives “insight into the nature of the physics being 
represented”.  
Figure 3-3 Block diagram of a simple mass-spring-damper. 
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Bond graph models as originally conceived by Henry Paynter in 1969 were used as an 
aid for understanding complicated multi-domain engineering systems.  Bypassing the 
standard creation process of Figure 3-1 it is possible to obtain a system model directly 
from a bond graph.  Pacejka  [65] suggests the use of a computer program to expedite 
this process and avoid the associated tedium.  Many software tools are available such as 
20-Sim [66], Symbols Shakti [67] and CAMP-G [68] and of these many are able to 
create the simulation model directly thus eliminating this step in the model creation 
process. 
Broenink [69] describes bond graphs as a “domain-independent graphical description of 
the dynamic behaviour of physical systems.”  In their simplest form bond graphs make 
use of power bonds to connect adjacent constant flow, constant effort, resistive, 
capacitive and inertial elements each representing an aspect of a mechanical, electrical, 
hydraulic or thermodynamic system.  Further elements such as transformers and 
gyrators are also in common use for systems of increased complexity. 
Each power bond represents the bi-directional exchange of flow and effort, quantities in 
physical terms that are realised as current and voltage in electrical systems, velocity and 
force in mechanical systems and so on. Table 3-1, describes the physical realisation of 
the effort and flow variables across the electrical, mechanical and hydraulic domains. 
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Table 3-1 Physically based effort and flow variables for the electrical, mechanical and 
hydraulic domains. 
 
 
 
Directional arrows indicate the direction of power flow, lines at either end of a bond 
represent the direction to which the effort is directed and thus determines causality.  
Using the example of the mass-spring-damper shown in Figure 3-2 the bond graph 
representation is illustrated by Figure 3-4.  It can be seen that a capacitive element (C) 
represents the spring, a resistive element (R) the damper and an inertial element (I) the 
mass with an effort (SE) applied to the mass; all are connected to the constant flow 
(velocity) 1-junction.  
 
 
 
 
 
The preferential integral causality is made possible by the orientation of each of the 
elements such that when using capacitance elements effort flows towards the junction 
Domain Flow Effort 
Electrical Current (A) Voltage (W/A) 
Mechanical Velocity (m/s) Force (N) 
Hydraulic Volume flow (m
3
/s) Pressure (N/m
2
) 
Figure 3-4 Spring-mass-damper system represented using bond graphs 
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and when using inertance elements effort is directed away from the junction.  The 
equation for the capacitance element is shown in Equation (3.6). 
 
1
e f dt
C
= ∫
  (3.6) 
where e is the effort variable, f the flow variable and C the value of capacitance; for a 
spring, 
1
K
C
= . The equation for an inertance element is shown in Equation (3.7). 
 
1
f e dt
M
= ∫
  (3.7) 
Where e is the effort variable, f  the flow variable, and M the mass.  The resistive 
element has no causality preference however it may have a preference inferred upon it 
by that of other junctions.  Using the diagram of Figure 3-4 the system equations may 
be generated using the method of Rosenberg and Karnopp [70] though this is normally 
done automatically when using a software tool. 
Other bond graph studies include those by Hrovat and Asgari [71], Behzadipour and 
Khajepour, Granda [72], Broenink [69] and Wehrwein [73].   
3.2.3 Programmatic Model Development  
The programmatic development of simulation models requires the use of a 
programming language.  The programming language chosen depends on the model 
requirements, preference and experience of the model developer.  Some examples 
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include C, FORTRAN, Visual Basic, Modelica and MATLAB.  In theory, all of these 
general purpose languages may be used for development of any model.   
In developing a simulation model using a programming language, similarly to the   
block diagram method, the system equations must be encoded using the language in a 
form that will allow simulation (solution) of the equations. Of the programmatic 
languages available, Modelica serves as a good example as it was developed 
specifically for system modelling and simulation (see Section 3.3.3.1).   
The modular, component based, object-oriented approach of Modelica allows a number 
of system components to be developed in isolation of one another and brought together 
as a master model.  Each of the model components is represented using the relevant 
syntax and then brought together and instantiated using a model master file.   
The example of a spring component is shown in Figure 3-5. This is brought together 
with a spring and mass by a master model file, as shown in Figure 3-6, to form the 
spring-mass-damper example previously used. 
 
 
 
Figure 3-5 Modelica spring component [74] 
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3.3 Object Oriented Programming and Modular Modelling 
The principles of object-oriented programming are very similar to the modular methods 
previously discussed in Chapter 2.  These methods are now reviewed to help clarify a 
number of additional advantages that may be obtained for use in simulation models. 
The Object-oriented method is first encountered as a programming technique in the 
software Simula 67, developed by Ole-Johan and Kristen Nygaard of the Norwegian 
computing centre in Oslo [75].  The term Object-Oriented Programming (“OOP”) first 
came into use with the Smalltalk language.  Smalltalk is based upon the modular design 
concept of Simula 67 but advanced this to resemble what may be today recognised as 
object-oriented programming.  Object-oriented programming has since, according to 
Engels and Groenewegen [76] ‘become the de-facto standard in the early phases of the 
software development process’. 
3.3.1 Object Oriented Programming 
Object-oriented programming is the modularisation of a software program such that 
each module (object) has its own defined role within the completed system.  Objects 
may interact with each other by way of sending messages; as a result the complete 
system is composed of a network of objects.  The technique may encompass the whole 
equation  
  connect(fixed.flange_b, spring.flange_a) 
  connect(fixed.flange_b, damper.flange_a) 
  connect(damper.flange_b, Mass.flange_a) 
  connect(spring.flange_b, Mass.flange_a) 
  connect(force.flange_b, Mass.flange_b) 
Figure 3-6 Modelica script for the mass-spring-damper example. 
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of the software design process, from conceptualisation, elicitation of requirements, 
through design to implementation and testing, thus it is seen as software development 
philosophy rather than a programming technique. 
The concept and definition of objects within object-oriented programming may be 
abstract and not represent any part of physical reality i.e. an object may be defined as 
the graphical user interface within a program; this is not a physical thing but is a well 
defined part of the system capable of communication with other objects and performing 
a specific task.  
The objectives of the object-oriented philosophy according to Coad and Yourdon [77], 
are threefold; to increase productivity, quality and elevate maintainability.  
3.3.2 Reuse, Reliability and Fidelity 
The object-oriented philosophy improves productivity by having a multi-faceted 
approach to software development.  The problem is subdivided into objects enabling 
faster development of complex software. Class libraries that may have been developed 
at an earlier time may be used in current projects, further reducing development time.  
Quality is increased because it is possible to test individual modules during 
development rather than as is traditionally done, once the whole of the system is 
completed. In addition since some classes may have been used and tested in previous 
development efforts they are less likely to reduce the quality of the completed system. 
Designers are able to separate modules of the system that are particularly susceptible to 
changing requirements. Any maintenance can be focussed on the relevant part of the 
system reducing the maintenance burden.  In addition extensions may be added to the 
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software to enhance its capabilities or to meet previously unconsidered new 
requirements. 
The objectives of object-oriented programming as defined by Coad and Yourdon [77] 
are themselves advantages, Booch [78] summarises the advantages as; 
a. Increased ability to reuse software and designs. 
b. Developed systems are more change resilient. 
c. The development risks are reduced for complex systems. 
d. The modular approach appeals to human cognition. 
3.3.3 Object-Oriented Modelling 
According to Dahl [79] the first object-oriented language created for the purpose of 
simulation model creation was the Simula language.  The fundamentals of the language 
are described by Birtwistle et al in [80].   
Object-oriented modelling as initially shown by Simula enables model developers to 
mimic the topology of a physical system in the computer model. This appeals to human 
cognition allowing developers to quickly identify the physical reality they have 
modelled.  Familiarisation with new models is made easy and developers can change 
parts of the model as equivalent parts of the physical system are changed.  
Two unique features of the object-oriented approach are those of inheritance and 
encapsulation.  Inheritance is the mechanism by which new classes are created based 
upon existing ones.  According to the definition of Fritzson and Engelson [81], 
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inheritance allows subclasses to be created that “inherit the operations of its parent class 
and add new operations”. Where there is commonality between classes these can be 
brought together.  Encapsulation is the technique by which the areas of a system that are 
the most volatile i.e. most susceptible to changing requirements are grouped so that 
when change is required the time required task is reduced [77]. Parts of the system may 
be updated or removed easily, an example of this could be the modelling of a complete 
automobile where various sub-components are updated/changed/removed during the 
development cycle.  
3.3.3.1 Modelica Language 
A specific example of an object-oriented modelling language in popular use today is 
that of Modelica.  Modelica succeeds the Simula language [21] and is the result of an 
international effort to bring together a number of different modelling languages e.g. 
ASCEND gPROMS, NMF, ObjectMath, SIDOPS and U.M L. [21].   
Modelica combines the formalism of both an object and component oriented 
programming philosophy.  A component oriented approach may be seen as a subset of 
the object-oriented approaches in which the classes are the components that constitute a 
physical system. 
The ‘philosophy’ of the Modelica language as with object-orientation is that of re-use so 
much so that one of the objectives in the development of the language was to maximise 
model exchange [82] and reuse [81]. 
Use is made of the Modelica language in Chapter 9 in a comparative study. 
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3.4 Summary 
This chapter has shown a number of methods by which a simulation model may be 
created from system equations, namely the block diagram, bond graph and 
programmatic methods. 
By investigating the object-oriented methods the principles of inheritance and 
encapsulation have been shown.  Use of the object-oriented method is said to provide 
advantage such as; 
a. An increase in the reusability of models. 
b. Reduced maintenance.  
c. Component oriented topology appeals to human cognition. 
d. Easy expansion and flexible construction of models. 
e. Ease of model reconfiguration. 
f. Reduced development risks. 
g. Resilient model design 
Deliberate use of the principles of the object-oriented modelling philosophy results in a 
truly reconfigurable approach to be used ideally as part of a product development and 
optimisation process.   
Following from this chapter the next one looks at the development of a number of 
drivetrain submodels that may be used as part of a product development project.  These 
submodels are created so that a plug-and-simulate approach to simulation model 
creation may be employed. 
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Chapter 4 
Creation and Reconfiguration Methodology 
In previous chapters it has been shown how the modelling efforts detailed in literature 
may be categorised according to the approach taken to create them (Chapter 2).  
Additionally a number of methods that that may be used to create a simulation model 
(Chapter 3) have been shown. 
In this chapter two unique approaches to model creation are proposed, the Plug-and-
Simulate (“PaS”) and the Paradigm for Large Model Creation (“PLMC”). Initially the 
concept of Plug-and-Simulate modelling is introduced as a flexible modularised 
approach to simulation model creation and reconfiguration.   It is shown how the IO 
structure of the submodels that constitute the approach may be varied to allow either 
rigid or compliant connection of mechanical components using the same submodels.   
Beyond this a Paradigm for Large Model Creation is presented that makes use of a 
number of model elements.  The elements may be assembled together to rapidly create 
and subsequently reconfigure a simulation model. 
4.1 Model Creation Using Simulink 
In formulating the proposals of this and indeed subsequent chapters, use is made of the 
Simulink modelling and simulation platform. The motivation for this is the fact that 
Simulink has become the predominant multi-domain modelling package and is used 
extensively through industry, particularly in the automotive sector.  The popularity of 
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Simulink has meant that historically it has been formative in the development of the tool 
chains that have arisen to support MBD and the simulation techniques used therein. 
Physical systems are modelled in Simulink using the graphical editor the need for 
source code programming is eliminated by an integrated approach as ‘the “program” is 
the block diagram itself’ [83]. 
Simulink is said by supporters of acausal modelling tools to suffer the disadvantage that 
once the system model has been formulated its input and output orientation is fixed i.e. 
the simulation model is causal (see Section 3.1).  This is a disadvantage in the general 
case as in some instances it may be preferable to have the same model (submodel) 
oriented in a different manner.  The example of a resistor was used previously in 
Section 3.1.  In the case of a specific product development process however, say for 
example the development of a vehicle gearbox, defined processes exist and standard 
input-output data is available for model development and validation; acausal models are 
unnecessary.   In addition integral causality is required for the numerical solvers; the 
consequence of the derivative orientation was previously discussed in Section 2.4 
concerning Wipke’s backward/forward model [57]. 
4.2 Plug and Simulate Approach 
The Plug-and-Simulate (PaS) approach is a simple one allowing rapid creation and 
reconfiguration of master models through the use of a number of PaS submodels.  These 
submodels are developed at a time earlier than their use and stored in libraries that 
contain a number of contextually similar submodels.  Master model creation is quick 
and generally a simple process requiring a model developer to take the submodels from 
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the library and connect the predefined IO so that the model has a similar topology to the 
physical system to be studied.  As a result of the component based topology it is easy 
for those less familiar with the models (or indeed the process of model creation) to 
make use of them. In addition domain experts requiring a complete system model that 
includes models from other domain areas have at their disposal a range of PaS 
submodels.   
Since the PaS approach is a modular and reconfigurable one the advantages of modular 
modelling, as previously discussed in Chapter 2, are available i.e. flexibility, ease of 
expansion and easy interchange.   The submodels may be equated, to some extent, to a 
class within the object-oriented methods.  The module is developed to be generic and 
reusable, characterising the main behaviour of a physical component and instantiated by 
specific parameters to represent a particular instance of a component.  If required the 
submodel fidelity may be increased by adding to its functionality. 
The PaS submodels are created as Simulink configurable subsystems that allow access 
by way of simple selection to either rigidly or compliantly connected versions of the 
same component submodel.  As will be shown in the following section this is required 
because the IO structure of the two different submodel versions is very different.  
4.2.1 Submodel Input-Output Structure 
Figure 4-1 represents a lumped parameter system to be constructed using modular 
submodels, a rotational shaft comprising an indefinite number of inertias, J1 to Jn.  
Where , ,n n nθ θ θ&& &  are the acceleration, angular velocity and angular position 
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respectively, of the inertias, J and Tin is the input torque and T1 and T2 are torques 
applied at the location of the inertias.   
 
 
 
If the inertias are connected by rigid connections, assuming no friction, the equations of 
motion for the first two become; 
 1 1 in aJ T Tθ = −&&   (4.1) 
 2 2 a bJ T Tθ = −&&   (4.2) 
Where Ta and Tb are the inter-shaft torques.  The Equations (4.1) and (4.2) may be 
reduced through an algebraic constraint. 
 1 2 n
θ θ θ= =
  
 (4.3) 
 ( )...1 2 n inJ J J Tθ+ + + =&&   (4.4) 
The construction of a model that retains the topology of Figure 4-1 using submodels 
proves a difficult task.  This is because when creating the submodels, the system in 
which they will eventually be used and thus the number of inertias to be included is not 
known.  A sensible modularisation strategy would be the creation of unit inertias as 
shown in the figure below.   
Figure 4-1 Schematic diagram of a rotational inertia system. 
Tin 
1 ,θ&& 1 ,θ& 1θ  
J1 J2 Jn 
Ta Tb Tn 
2 ,θ&& 2 ,θ&
θ  
,nθ&& ,nθ&
θ  
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For a single inertia this results in the correct representation of the system equation 
though it is not possible to add further inertias.  To facilitate this whilst maintaining 
congruence between the model and real system topology use may be made of 
cumulative torque and inertia signals as shown by Belton and Heath [54, 59]. 
Figure 4-3 (a) shows a revised inertia submodel that makes use of cumulative torque 
and inertia.  A number of these may be connected to one another, as shown in Figure 
4-3 (b).  Any number of submodels may be added though at the end of the string a 
terminating block is required providing the division necessary in Equation (4.4) to 
obtain the acceleration (θ&&) output.  This method allows the modularisation of rigidly 
connected sub-components though this comes at the cost of the exclusion of compliance 
in the model.  Belton and Heath [54, 59] see this as an advantage in terms of simulation 
efficiency in their application.  It is however necessary in some cases, such as in the 
study of drivetrain oscillation, to include the effect of compliance. 
 
 
 
+ 
Figure 4-2 Block diagram of generic unit inertia submodel. 
1
n
J
 
inT  ∫
 
nθ&  
nT  
nθ&&  
+ 
+ 
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 (a) 
 
 
 
 (b) 
 
 
 
 
 
If the example of Figure 4-1 is altered to include compliance between inertias, the terms 
Ta and Tb of Equation (4.1) and (4.2) become; 
 
( ) ( )a 1 2 1 2T B Kθ θ θ θ= − + −& &   (4.5) 
 
( ) ( )b 2 3 2 3T B Kθ θ θ θ= − + −& &   (4.6) 
Figure 4-3 Revised generic inertia submodel (a) and string of n inertias (b). 
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where B and K are the damping and stiffness coefficients, respectively.  Again for 
compliantly connected sub-components a modular approach is possible though the IO 
structure requires revision.  
Torque may be seen as being transmitted between the submodels through the 
compliance and damping terms of Equations (4.5) and (4.6) from which the block 
diagram model takes the form shown in Figure 4-4.  The torque is not forwarded but 
instead transferred between each submodel.  Each submodel requires the angular 
velocity, ω of the submodel following it (downstream in the torque sense) and 
integration is undertaken at the site of each inertia submodel. 
The IO requirements of the rigidly or compliantly connected submodels are compatible 
with one another and may therefore be used together to form hybrid models in which  
inertia subsystems may be connected to one another by either rigid or compliant links. 
The means by which this is achieved is explained in the following chapter when a 
number of PaS drivetrain submodels are implemented. 
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4.3 Paradigm for Large Model Creation 
The Paradigm for Large Model Creation makes use of four model elements to provide a 
structured approach to the development and reconfiguration of large scale models. 
These elements are as follows; 
a. Model development framework (“MDF”) 
b. Structural templates 
c. PaS submodels 
d. Model parameters 
The elements (as shown in Figure 4-5) each make a contribution to the form of a master 
model, representing a specific physical configuration as defined by Walker [84], of the 
physical system being modelled.  
 
 
 
 
 
 
 
To create a model the user brings together the model elements by taking them from 
various libraries.  The PaS submodels and structural templates exist as reconfigurable 
Figure 4-5 A diagram of the elements brought together in creation of a master model. 
 
Master Model 
MDF 
PaS 
Submodels 
Model 
Parameters 
Structural 
Templates 
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subsystems which are a type of Simulink block that may be stored as any other 
subsystem within a library.  A reconfigurable subsystem is especially useful because it 
allows selection of a number of different submodel versions by change to its 
BlockChoice parameter.  This is of advantage to a models’ reconfigurability since both 
the underlying model structure and function may thus be changed. 
The PLMC model exists after it is first assembled as a rigidly defined though still 
amorphous version of what is yet to become the master model.  This intermediate 
version of the model may be instantiated by selection of the appropriate structural and 
functional components and then parameterised to represent specific physical 
component(s). 
4.3.1 Methodology 
The PLMC enforces constrained model evolution since the model may only change in a 
manner consistent with the MDF and the available structural templates.  Constrained 
model evolution is of particular importance where many engineers are involved with the 
same project.  The constraints imposed by the PLMC prevent proliferation of model 
versions and provide a ‘framework’ within which all may work; the ultimate advantage 
being increased model reuse (due to submodel compatibility) throughout the 
development process and also in subsequent, similar, processes. 
Much of the ‘information’ that is implied by a particular design project can be brought 
into the modelling domain separate of a specific project.  For example developing a 
system model for use within a vehicle drivetrain project requires that some structure be 
applied to the model, this structure may be made similar in every version (with 
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exceptions).  Including this structure as a template (e.g. MDF and structural templates) 
removes the time consuming tasks of signal and subsystem management.   
In addition to the use of pre-created templates, the PaS submodels and their associated 
parameter files can be included at the very outset of the project.  In terms of the model 
development process this means that a high quality conceptual model is available at the 
beginning.  As development moves on and the model comes to represent an engineering 
solution, reconfiguration of the model may be completed without concern for 
manipulation of signals and other similar (compatibility) issues.  The use of such a tool 
within MBD projects is particularly useful due to the various requirements of the model 
for the different simulation methods used. 
Altogether, increased model reuse within and between particular development efforts is 
made possible by the more rigorous definition of the field upon which the development 
process is ‘played’.  By ensuring that the model development framework is agreed at the 
outset submodels made for use within the framework are interchangeable with one 
another.  This ability for interchange does come at the cost of restriction upon the input-
output structure of the submodels however this may be offset against the cost which 
results and accrues through low rates of model reuse.  
By way of definition each of the different elements that constitute the PLMC are now 
briefly discussed. 
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4.3.2 Model Development Framework 
The Model Development Framework (“MDF”) is that part of the model that separates 
one top-level system from another and stipulates the signals (data transfer) between 
each, ultimately determining the overall model structure.   
The creation of an MDF can be undertaken separately to the task of model assembly and 
should normally only be completed once.  Consequently proper consideration is given 
to the model structure independently of other modelling activities. Systems may be 
separated according to the real system topology or alternatively the organisational 
structure of the users of the framework.  Two examples of an MDF are discussed in 
greater detail in Section 4.4. 
4.3.3 Structural Template Library 
Nested within the MDF are the structural templates, these serve a similar purpose 
though detail the arrangement of the hierarchically lower level subsystems.  Division of 
responsibility for the model structure between the MDF and structural templates allows 
for extra reconfigurability of the model. 
Taking for example a full vehicle model, the top level systems i.e. clutch, gearbox, 
engine, etc are defined by an MDF and the structure within each of the top-level 
subsystems is determined by the structural templates.  A single structural template is 
used per top level system and may be changed for an alternative thus altering the 
internal system structure without modification to the top-level.  This principle is 
illustrated in Figure 4-6. 
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4.3.4 PaS Submodels Library 
The modular PaS submodels are those previously discussed in Section 4.2 and provide 
the core functionality and lowest level structure of the master model.  Similarly to the 
structural templates, selection of a different version of a particular PaS submodel is 
possible by change of the reconfigurable subsystem BlockChoice parameter. 
4.3.5 Model Parameters 
The model parameters cause the master model to become instantiated such that together 
with the PaS submodels it represents a specific version of a physical system. The model 
parameters can also include parameters that relate to modelling features such as flags, 
signal switches, etc. 
4.4 Implementation of a PLMC Approach 
Having discussed in overview the respective parts that constitute the PLMC two 
different examples of an MDF are now presented.  This section seeks to give a more 
detailed overview of the relationship between the respective elements such that some of 
the issues regarding the implementation of PLMC models may be understood. 
4.4.1 Modelling Automated Framework 
The Modelling Automated Framework (“MAF”) is created as part of this work for the 
purpose of realtime drivetrain model development and simulation.  The structure of the 
model development framework (“MDF”) is deliberately simple to aid in model 
debugging. Subsystems are grouped and named so that signals may be easily located for 
monitoring and input purposes, in offline and realtime simulation modes. 
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Contributing to the structure of the framework are both the MDF and structural template 
elements, separated over two levels of model hierarchy.  The first level of hierarchy as 
shown in Figure 4-7 includes three primary systems, Torque_Source, 
MAF_Drivetrainand Effective_Vehicle.  The AA signal represents angular velocity, V 
velocity, T torque, F force and J inertia. 
 
Figure 4-7 Top level of the Modelling Automated Framework hierarchy. 
Nested within the MAF_Drivetrain system at the second level of hierarchy the model 
structure is determined by a structural template of which a number of versions are 
available e.g. front wheel drive, rear wheel drive, etc which are available by selection 
through a reconfigurable subsystem. Figure 4-8 shows an example of a structural 
template used for modelling a rear-wheel drivetrain. 
Finally a number of PaS submodels complete the model structure at the lowest level of 
hierarchy and provide its functionality.   
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4.4.2 Vehicle Modelling Architecture 
Beyond the Modelling Automated Framework the study by Belton [59] concerns the 
development of a Vehicle Modelling Architecture (“VMA”). 
The VMA provides a framework for separating, at its first level of hierarchy, the whole 
of a vehicle into eleven subsystems as shown in Figure 4-9.  At the second level of 
hierarchy the signals entering and leaving each of the systems by way of a global bus 
are defined (Figure 4-10) and at the third level of the architecture (Figure 4-11), the 
plant model is separated from the controller. 
Belton et al describes the advantages of the framework-based approach, similarly to the 
modular ones to include; 
a. An increase in model re-use and sharing. 
b. Easy identification of model development responsibilities. 
c. Maintenance of modules by relevant domain experts is facilitated. 
d. Reduction in repeated efforts due to model sharing. 
Key to the VMA is an extensive BUS system that carries signals between modules. The 
BUS subsystem includes four main BUSs which transport physical, controller, driver 
and environment signals between modules. The BUS signals and hence IO of the 
modules are predefined. 
The VMA may be adapted for use as a model element to be used as part of the PLMC.  
In doing this the first three levels of the VMA hierarchy form the MDF model element, 
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beneath this within the ‘controller’ and ‘plant’ subsystems of Figure 4-11 the structural 
templates define a lower level of hierarchy.  The VMA structure is shown in greater 
detail in Appendix F.  The core functionality of the master model and lowest level of 
structure, similarly to the MAF, make use of the PaS submodels previously discussed. 
4.5 Summary 
Two different managed approaches to model creation and reconfiguration have been 
shown in this chapter.   
The simple Plug-and-Simulate approach makes use of a number of mechanical 
submodels that are implemented as Simulink configurable subsystems.  The submodels 
may be connected in a number of different ways to represent different physical 
configurations or fulfil differing simulation requirements.    
The flexibility of the PaS submodels facilitates the connection of a submodel with its 
immediate neighbours in either a rigid or compliant manner. 
It has also been shown through the PLMC that models may be created using a number 
of different model elements that define both the structure and functionality of a master 
model. Further use is made of the PLMC in Chapter 8 which presents a Model 
Configuration Tool that may be used to rapidly configure and then optimise a PLMC 
model previously assembled from its elements. 
The next chapter discusses the beginning of the process of creating a number of PaS 
drivetrain models up to the point of system equation generation.  The implementation of 
the submodels occurs later in Chapter 7. 
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Figure 4-10 The second level of the VMA hierarchy. 
 
Figure 4-11 The third level of the VMA hierarchy. 
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Chapter 5 
Drivetrain Submodel Creation 
The process that sees a number of PaS drivetrain submodels created is now begun.  
These submodels are intended for use as part of the PaS and PLMC approaches to 
model development. 
Initially the general PaS submodel creation process is discussed in overview where it is 
shown that the process may be separated into a number of stages.  Following from this a 
number of drivetrain subsystems are presented to the point of determining the system 
equations.   
5.1 Plug-and-Simulate Submodel Creation Process 
The submodel development process is shown in Figure 5-1.  The first stage of this 
generic process is gaining an understanding of the purpose of the library in which the 
submodel will reside. This ensures that the submodel is contextually relevant to the 
library e.g. an offline version of a model incapable of running in realtime is not 
contextually relevant in a realtime library.   
Following from this the scope of the subsystem, which is the aesthetic and arbitrary 
boundary introduced for the sake modularising the model, must be determined.  The 
location of the boundary should be considered in terms of both the physical system and 
the system equations creating “a component that is large enough to be useful but small 
enough to be reusable” [84].   
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Figure 5-1 A schematic drawing of the approach by which the PaS drivetrain submodels 
are created. 
Determine purpose of 
submodel library. 
Determine subsystem 
scope  
Draw schematic 
representation 
Draw free-body diagram 
Determine mathematical 
representation (system 
equations) 
IO Structure 
PaS Submodel 
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It is likely that even the most strategically placed boundary will add to either the model 
complexity as a result of ‘separated’ system equations or its ambiguity due to 
incongruence of the model and its physical counterpart. In separating the physical 
system it is useful to consider the object-oriented features encapsulation and inheritance 
as discussed previously in Chapter 3. 
Once a problem has been scoped, the physical boundary of the subsystem to be 
modelled is decided and a schematic diagram of the major features/components of the 
submodel drawn.  From the schematic drawing free-body diagrams are created and 
subsequently the system equations derived.   Having obtained the system equations, the 
IO structure of the submodel is confirmed.  This is an onerous task, requiring 
experience and foresight because an incorrectly defined structure may limit the 
submodel functionality.   
5.2 Drivetrain Subsystems 
Using the example of a number of drivetrain subsystems the process of PaS submodel 
creation now begins.  For the remainder of the chapter the first parts of the creation 
process will be completed to the point of derivation of the system equations (of each 
subsystem).  This process is completed, by implementing the submodels within 
Simulink, in the chapter to follow. 
The submodels that are developed are created from the vehicle subsystems; clutch, 
gearbox, final drive and differential, driveshaft and tyre.  When assembled together 
these submodels may be used to create a number of different drivetrain models with 
different configurations including the conventional front and rear wheel drive. 
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The purpose of the PaS drivetrain submodel is for use in MBD and similar product 
development processes.   
5.2.1 Clutch  
The purpose of this submodel is the simulation of the most significant clutch dynamics; 
showing the transmission of torque across a frictional interface whilst in either a locked 
or slipping state 
The physical scope of the clutch includes the flywheel, friction disc, pressure plate and 
output shaft.  In addition the dynamics of a torsional pre-damper may be included. 
The simplified automotive clutch may be represented, depending on its state, as shown 
in the free body diagram of Figure 5-2.  Two inertias Jc1  and Jc2  represent the flywheel 
and bell housing, and friction disc and pressure plate respectively (see clutch exploded 
drawing of Appendix A).  A further inertia may be included, Jc3 as shown in the figure 
to represent the pre-damper. The solid connections, on the figure, between the inertias 
are representative of either a rigid or compliant connection. 
The state in which the clutch resides depends on two input variables, inT  and the clutch 
normal force, nF .  The states of clutch operation present a problem as a transition 
between states requires a change in the number of degrees of freedom of the as the two 
clutch inertias combine (lock) or separate (unlock). 
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Referring to Figure 5-2 considering the state transition, Equations (5.1) and (5.2) 
represent the unlocked clutch (excluding ancillary frictional effects); 
 1 1c c in n mJ T F rθ µ= − Ν
&&
  (5.1) 
 2 2 _c c n m c out
J F r Tθ µ= Ν −&&
  (5.2) 
where µ is the friction coefficient, rm the mean clutch radius and N the number of clutch 
plates.  Equation (5.3) represents the locked clutch (excluding predamper); 
 
( )1 2 1c c c in outJ J T Tθ+ = −&&   (5.3) 
The transition from unlocked to locked states may algebraically be realised by the 
inclusion of the constraint; 
 c1 c2
θ θ=  (5.4) 
The change from the locked to unlocked states occurs where inT  exceeds the torque 
capacity.  In the majority of cases this is due to a reduction in nF  resulting in an 
Figure 5-2 Schematic drawing of the clutch. 
µ 
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immediate separation of the clutch plates. This is observed as an increase in relative 
angular velocity, relθ& .   
The torque transmitted across the frictional interface, outT  passes through the compliant 
predamper. The resulting output torque, outT  is calculated by Equation (5.5). The terms 
Kc_s1, Bc_s1 and Kc_s2, Bc_s2 are the stiffness and damping coefficients of the predamper 
and output shaft, respectively.  
 
( ) ( )_ _ 1 2 3 _ 1 2 3c out c s c c c s c cT K Bθ θ θ θ= − + −& &  (5.5) 
5.2.2 Manual Gearbox  
The purpose of the Manual Gearbox submodel is the representation of the major 
dynamics of the gearbox. Its physical scope is here defined as the system bounded by 
the gearbox input and output shafts.  The driveshafts and inertia, including both engaged 
and loose gears may be reduced to a single location.  This method is employed by 
Bierman in [40].  
The effect of coulomb and viscous friction (frictional damping) may be included at the 
location of the reduced inertia.  The coulomb and viscous damping torques that oppose 
the rotation of the shaft may be taken into account at the site of both of the inertias Jg1 
and Jg2.  The torque loss at each of the sites may be set to equal the sum of the torque 
losses for the appropriate shaft and gearwheels. 
Figure 5-3 shows a free body diagram of a simplified gearbox with relevant parameters 
that include viscous, B  friction terms.  The torque supplied to the gearbox at its input, 
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Tin rotates the first of the inertias, Jg1 which is equal to the sum of the input shaft, 
disconnected gearwheels and connected driving gearwheel inertias. 
 Through a ratio change the driving gear wheel drives the driven gear wheel whose 
inertia together with that of the output shaft and disconnected gears is consolidated to 
Jg2. Thus the output torque is produced, amplified through the ratio change and available 
to subsequent submodels through the output shaft. 
 
 
 
 
 
 
 
 
Perfect meshing of the two engaged gears 
1gJ  and 2gJ  results in the algebraic 
constraint; 
 1 1 2 2g g g g
r rθ θ=   (5.6) 
By eliminating
1gθ and F  and rearranging; 
 2 2
1 2 1 2 1
1 1
g g in g g g
r r
J T B Fr
r r
θ θ
   
= − −   
   
&& &  (5.7) 
Figure 5-3 Schematic drawing of the gearbox module with parameters. 
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2 2
2 2 2
1 2 1 2 2
1 1 1
g g in g g g
r r r
J T B Fr
r r r
θ θ
     
= − −     
     
&& &  (5.8) 
the complete system may thus be described; 
 
2
2 2
1 2 2 2
1 1
2 2
2
1 2
1
in g g g g out
g
g g
r r
T B B T
r r
r
J J
r
θ θ
θ
   
− − −   
   =
  
+  
   
& &
&&  (5.9) 
Alternatively the equations may be derived such that 1gθ&&  becomes the subject.  The 
preference over the subject 1gθ&&  or 2gθ&&  is a matter of implementation choice. 
Torque transmitted by the output shaft may be by way of a compliant or rigid shaft.  
Selection of a rigid or compliant link causes a change in calculation of outT  such that for 
a compliant connection; 
 
( ) ( )_ 2 1 _ 2 1θ θ θ θ+ += − + −& &out g s g n g s g nT K B  (5.10) 
and for a rigid connection; 
 
2
2 2
1 2 2 2
1 1
out in g g g g
r r
T T B B
r r
θ θ
   
= − −   
   
& &
 (5.11) 
 
Drivetrain Submodel Creation 
71 
 
5.2.3 Final Drive and Differential 
The automotive final drive and differential have two distinct functions within the 
drivetrain.  The words final drive and differential are often used synonymously leading 
to some ambiguity.  For the purpose of clarification the following definitions are now 
given. 
The mechanical function of the differential is to allow two coaxial halfshafts to rotate at 
different angular speeds whilst equally distributing the driveshaft torque to each of the 
shafts.  The final drive has two functions, firstly to rotate its input torque through 90 
degrees to each of the half-shafts and secondly to provide a final ratio reduction. The 
purpose of the combined final drive and differential submodel is representation of the 
dynamics of the same.   Its physical scope is that system contained at one end by the 
final drive input shaft and at the other by the output shafts of the differential.   
The functions performed by the differential may be represented in a simple manner.  
Figure 5-4 shows a free body diagram of both the final drive and differential.  The two 
systems are reduced to three inertias , ,f 1 f 2 f 3J J J .   
The input torque is subject to a ratio change effected by the gear pairs 
1 2,f fJ J  and 
1, 3f fJ J ; where;  
 2 3r r=   (5.12) 
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Torque is equally distributed to the two output shafts, 
floutT  and froutT .  Coulomb and 
viscous friction are included at the location of the two inertias Jf2 and Jf3.  Each of the 
three inertias may therefore be described; 
  
θ = − −&&f 1 f 1 in 2 1 3 1J T F r F r   (5.13) 
 f 2 f 2 2 2 f 2 flout
J F r B Tθ θ= − −&& &
  (5.14) 
 f 3 f 3 3 3 f 3 frout
J F r B Tθ θ= − −&& &
  (5.15) 
Subject to the constraints; 
 1 f 1 2 f 2
r rθ θ=
  (5.16) 
Figure 5-4 Schematic of the final drive including the most common final drive 
parameters. 
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 1 f 1 3 f 3
r rθ θ=   (5.17) 
 flout frout
T T=   (5.18) 
Multiplying Equations (5.14) and (5.15) by 
1
2
r
r
 and 
1
3
r
r
 respectively and substituting 
into Equation (5.13), results; 
 
1 1
f 1 f 1 in f 2 f 2 L2 flout f 3 f 3 L3 frout
2 3
r r
J T J T T J T T
r r
θ θ θ
  
   = − + + − + +      
   
&& && &&
 (5.19) 
 Where the frictional losses 2LT  and 3LT  are calculated; 
 L2 f 2 f 2T B θ= &   (5.20) 
 3 3 3L f fT B θ= &   (5.21) 
Eliminating 
_fd r v 1θ  and _fd r v 3θ  using Equations (5.16) to (5.17) and expanding; 
 
1 1
f 1 f 1 in f 2 f 2 L2 flout f 3 f 3 L3 frout
2 3
r r
J T J T T J T T
r r
θ θ θ
  
   = − + + − + +      
   
&& && &&
 
 
1 1
in L2 flout L3 frout
2 3
f 2
2 1 2 1
f 1 f 2 f 3
1 2 3 3
r r
T T T T T
r r
r r r r
J J J
r r r r
θ
  
   − + − +      
   =
      
+ +       
       
&&
 (5.22) 
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5.2.4 Driveshaft  
Various types of driveshafts exist across the range of standard vehicle configurations. 
The systems to which these driveshafts are connected depend upon the vehicle’s 
configuration.  In a standard front wheel drive vehicle there are two driveshafts, also 
known as axle-halfshafts, connecting the differential to the wheel hub. 
The purpose of the driveshaft submodel is to capture the major dynamics of a range of 
driveshafts, to be utilised in realtime simulation as a part of the drivetrain of vehicles of 
standard configuration. 
The physical scope of the driveshaft module is defined as that system responsible for 
the transmission of torque from one system to another. Figure 5-5  shows a free body 
diagram of the driveshaft. The inertia of the shaft is reduced to a single point, Jd1.  The 
input torque, Tin is transferred by the shaft and is made available as the torque, Tout to 
subsequent modules. The free body diagram indicates compliant or rigid transmission of 
torque. No frictional losses are included. 
 
 
 
The system equation may be written; 
 
in out
d1
d1
T T
J
θ
−
=&&
  (5.23) 
Figure 5-5 Schematic diagram of the driveshaft. 
Tout 
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In compliant operation the output torque, Tout may be calculated as shown in Equation 
(5.24). 
 
( ) ( )_ 1 1 _ 1 1θ θ θ θ+ += − + −& &out d s d n d s d nT K B  (5.24) 
5.2.5 Tyre 
In a similar manner to a physical tyre the purpose of the tyre submodel is the receipt of 
torque to provide a force for acceleration of the vehicle.  The tyre receives the torque 
available at the end of the drivetrain after having passed from its source through the 
various drivetrain components.   
The physical scope of the tyre submodel is such that it is able to receive an input torque 
and provide an output force for acceleration of the vehicle chassis.  Physically it is 
bounded by a rigid input shaft at one end and the location at which the force is realised 
usually the tyre road-interface at the other.   
Figure 5-6 shows a free body diagram of a tyre. This free body diagram is an adaptation 
of the rigid ring model presented by Zegelar and Pacejka in [85]. The rigid ring model is 
said by Zegelar and Pacejka to be computationally simple therefore it is especially 
suited for realtime applications. 
The torque in, Tin is transferred from the axle, t1J  to the outer tyre belt, t2J  by way of 
the stiffness and damping terms.  The force, tF  is applied through the contact patch at 
the point shown. 
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The force available in the contact patch may be calculated to either include or exclude 
the effect of the tyre belt moving relative to the ground - slip.  Where a force is applied 
through the tyre, in normal operation, the belt is observed to move relative to the 
ground.  For a simulation study it may be judged that the resulting effect is insignificant 
enough for this to be ignored though there is a case for inclusion when looking at lower 
frequencies of interest i.e. driveability studies.  If the effect of slip is to be excluded, the 
force output is calculated as shown in Equation (5.25).  Perfect contact is assumed 
between the tyre belt and the road surface. 
 
in
t
t
T
F
r
=
  (5.25) 
Where rt is the radius of the tyre and Tin the applied torque.  Assuming slip between the 
road and tyre belt the force generated in the tyre contact patch may be calculated as 
shown in Equation (5.26). 
Figure 5-6 Pacejka and Zegelar’s rigid ring tyre model. 
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 t normal
F Fµ=
  (5.26) 
Where Fnormal is the applied normal force and µ the coefficient of friction between the 
tyre and road surface.  The friction coefficient may be determined making use of a µ-
slip curve.  The curve details the variation of the friction coefficient with relative tyre 
slip 
_t re lx& , calculated as shown in Equation (5.27) below; 
 _
t t
t rel
v
r
x 1
x
θ
= −
&
&
&
  (5.27) 
Where rt is the radius of the tyre, tθ& the tyre angular velocity and _t relx&  the relative 
velocity of the vehicle chassis and tyre (slip). The force, Ft generated in the wheel 
contact patch is opposed by the tyre rolling resistance. 
 r v rF M gC=   (5.28) 
The force available for acceleration of the vehicle is the sum of the forces generated in 
each of the tyre contact patches less the sum of the respective rolling resistances as 
shown in Equation (5.29). 
 v t r
F F F= −∑ ∑   (5.29) 
As an alternative to the µ-slip curve the force generated by the tyre may be calculated 
using a LuGre friction model. The friction model is proposed by Olsson in [86] and first 
used in a dynamic tyre model in [87].  In this model the force transferred through the 
contact patch is modelled as the sum of the solid-to-solid contact and that of the viscous 
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resistance of the lubricant between the tyre and road surface. The contribution of each to 
the total is determined by the amount of slip i.e. relative velocity between the tyre and 
road.  For the solid to solid contact the average deflection of a number of bristles is 
considered as shown in Figure 5-7. 
 
 
 
Figure 5-7 shows the bristles of the LuGre tyre model whose average behaviour 
determine the solid-to-solid contact force [86]. 
The force arising as a result of the solid contact, Fb is shown in Equation (5.30).  
 
( )_ _ _b b rel t rel b relF Kx B x x= + & &   (5.30) 
Where Fb is the force generated by the bristle, _b relx the bristle’s displacement and 
( )_t relB x&  is a damping term dependent on the relative velocity of the tyre ring and road 
surface (slip). The force associated with the viscosity of the lubricant is again dependent 
on slip as shown in  Equation (5.31). 
 ( )_l t relF f x= &   (5.31) 
Where
 l
F  is the force generated as a result of the lubricant’s viscosity (between tyre 
and road).  In simulation the LuGre model remains numerically stable over the range of 
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vehicle velocity.  This is an advantage over other tyre models that make use of 
normalised slip as numerical instability occurs as 0vx →& . 
5.2.6 Chassis 
The vehicle chassis is that part of the vehicle mounted upon the drivetrain and is its 
largest single part.  Whilst not a part of the drivetrain the submodel is accelerated by the 
force produced at each road and tyre interface.  The purpose of the chassis model is to 
accumulate the forces applied at each of the tyres and provide a point of application of 
aerodynamic drag and the gravitational forces acting as a result of an incline. 
The chassis acceleration, 
chθ&&  is calculated as shown in Equation (5.32). 
 t L
ch
ch
F F
M
θ
−
=∑&&   (5.32) 
Where 
t
F∑  is the sum of the tractive forces applied to the chassis through each of the 
tyre and road interfaces, chM  is the mass of the chassis and LF  is the sum of the forces 
that resist the forward motion of the vehicle through gravity and aerodynamic drag.  
These forces may be calculated as shown in Equation (5.33). 
 
2
sin
2
ch d ch
L ch i
A C x
F M g
ρ
θ= +
&&
  (5.33) 
Where ρ is the density of atmospheric air, ch
x&&
 the chassis frontal projected area, d
C
 the 
coefficient of drag, V  the chassis velocity, chM  the mass of the chassis, g  the 
gravitational constant and iθ  the incline. 
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5.3 Summary 
The development of a number of PaS drivetrain submodels, to the point system equation 
determination, has been shown in this chapter.  
The system equations give a mathematical description of each of the submodels 
outlining the way in which each of the outputs is generated.  In the next chapter the 
implementation of the submodels within Simulink is discussed. 
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Chapter 6 
Drivetrain Submodel Implementation 
Previously a number of drivetrain submodels were developed to the point of system 
equation generation. This chapter makes use of the system equations developed for each 
approach to create a library of Simulink submodels to be used as part of the PaS and 
PLMC approaches. 
Initially within this chapter a number of issues related to submodel implementation are 
discussed, following from this the submodels are created in Simulink.  Finally, having 
developed a number of the drivetrain submodels the last section of this chapter looks at 
bringing these together in representation of the drivetrain of a front and rear-wheel drive 
vehicle.  
6.1 Model Implementation 
The drivetrain submodels are implemented within the Simulink modelling and 
simulation environment making use of configurable subsystems.  The configurable 
subsystems as previously mentioned in Chapter 5 allow selection of either compliant or 
rigidly connected versions of the same submodel that have different input-output (“IO”) 
requirements. 
The IO structure of the submodels is illustrated as shown in Figure 6-1, this regular 
structure, which is similar for each submodel, facilitates reuse and ease of model 
assembly.  The use of configurable subsystems enables the core IO structure for all of 
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the submodels to be identical.  Depending on the value of the configurable subsystem 
parameter BlockChoice, different signals within the IO are activated.  This is indicated 
in Figure 6-1 where inputs with the subscript ‘cm’ are for use exclusively with rigidly 
connected submodels those without the subscript are used for compliantly connected 
models. 
 
 
 
 
Before presenting the block diagrams for each of the submodels it is shown how use is 
made of the submodel masks and Matlab data structures for parameterisation and to 
provide a means of programmatically determining the master model structure. 
6.2  Submodel Masks 
Each of the submodels is parameterised in a similar manner, through its mask 
workspace.  The mask workspace resides at the location of each of the submodels and 
may be thought of as an area that is reserved for use by each submodel.  Scripts may be 
invoked within the workspace, functions called and parameter values stored.  All of 
these operate and remain visible only locally unless declared for global use. 
 
Figure 6-1 The Input-Output structure of the drivetrain submodels. 
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Subsystem 
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x& x&
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cmJ
cmT
cmJ
For each of the PaS submodels a 
that reads the parameters available
The parameter files are usually
example).  The data structure mimics the hierarchy of the 
Figure 6-2.  The data structure provides a means of determining model 
programmatically and may be used in conjunction with 
the various subsystems of the master model.  As an example of this a specif
global data structure is the programmatic change of parameters as is required by the 
Model Configuration 
Figure 6-2 The hierarchical arrangement of a master model including Matlab parameter 
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 Matlab data structure.  
B for an 
hierarchy 
ic use of the 
. 
 
Gearbox 
heirarch
.gearbox
heirarch
.drivetrain
.gearbox
.parameter_2
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Once the parameters have been read into a global data structure they are also read into 
another data structure for local use i.e. within the mask workspace.  This provides a 
more simple format for the parameter names that does not depend on the overall model 
structure.  This is convenient for entering parameter names in the model blocks e.g. 
data.parameter_1 compared to heirarch.drivetrain.clutch.parameter_1. 
6.3 Block Diagram Representation 
The drivetrain may be seen as a single unit whose respective parts act upon the torque 
that ‘flows’ through it, starting from the powerplant and ending at the point that it is 
delivered as a force to the road. The block diagrams for a number of drivetrain 
submodels are now presented. 
Repeated use is made of compliance (compliant link) between inertias in the examples 
that follow. The transfer of torque through compliance is described by Equation (4.5) 
and also shown below in block diagram form in Figure 6-3. 
 
 
 
 
 
 
 
 
Figure 6-3 Block diagram for a compliant connecting shaft. 
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Since repeated use is made of this set of blocks, for the purpose of simplification, 
compliant connections will be represented as shown in Figure 6-4. 
 
 
 
6.3.1 Clutch 
The block diagram of the clutch varies according to its state, locked or slipping as is 
discussed in Section 5.2.1.  Figure 6-5 shows a block diagram of the clutch in its locked 
state.  A single inertia, the sum of the inertias associated with both the input and output 
shafts of the clutch, is acted upon by a torque, Tin to produce an acceleration 1 2θ +&&c  as is 
described by Equation (5.3) 
 
 
 
Figure 6-6 shows the clutch in the slipping state. Now a two degree of freedom system, 
the acceleration of the flywheel 
1cθ&&  and friction plate 2cθ&&  are calculated separately 
according to Equations (5.1) and (5.2).   
 
Figure 6-5 Block diagram of the clutch in the locked state. 
Figure 6-4 Block diagram notation for a compliantly connected inertia 
inT  1 2θ +&&c  
1 2
1
c cJ J+
θ&&
T  
1nθ +&  
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In both cases, locked or slipping, the inertias 1 2c cJ J+  or 2cJ  may be connected 
compliantly to either the output shaft or a third inertia, Jc3 to include the effect of a 
clutch predamper as shown in Figure 6-7.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Simulink clutch submodel is implemented as a fully working clutch as shown in 
Figure 6-8. Torque is provided as an input from the preceding subsystem, this is 
measured against the torque capacity of the clutch as calculated by the Torque_Capacity 
gain block.  Should the input torque come to exceed the torque capacity the clutch state 
changes to unlocked, this change is managed by the Stateflow chart as shown in Figure 
6-9.  The return to the locked state occurs when the relative velocity of the two clutch 
plates, driving and driven crosses zero.   
Figure 6-6 Block diagram of the clutch in the unlocked state. 
Figure 6-7 Block diagram of the compliantly connected clutch in the locked state. 
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When switching from the locked to the slipping states the final angular velocity of the 
locked clutch is provided as the initial velocity of both the driver and driven parts of the 
slipping clutch.  The angular velocity of the lumped inertias Jc1+Jc2 or the single inertia 
Jc2 (depending on the clutch state) is reported to the predamper subsystem which 
includes the predamper inertia and compliant link. The effect of lash in the predamper is 
included, using a Simulink backlash block.   
This model represents a significant advancement in terms of model fidelity compared 
with those models used previously in studies such as [31, 88-90] without the addition of 
burdensome model complexity.  A simplified rigid model of the clutch is shown in  
Figure 6-10, the main difference between this and the compliant model is the lumping 
of the optional clutch predamper inertia Jc3 with Jc2. 
6.3.2 Gearbox 
Based on Equations (5.6) and (5.7) a block diagram model of the gearbox is shown in 
Figure 6-13.  The gearbox input shaft, lay shaft and selected gears are reduced to a 
single inertia. The gear inertia changes in the physical system as different combinations 
of driving and driven gearwheels are selected, for this reason the gearbox inertia is a 
varying parameter obtained from a lookup table. Gearbox losses are included as a single 
term, TL. 
The gearbox model as implemented in Simulink is shown in Figure 6-11 (compliant 
version) and Figure 6-12 (rigid version). 
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The gear ratio that is selected may be changed by varying the integer value of the input 
sel_gear, consequently both the gear ratio and inertia are changed through the 
respective lookup tables. For each of the gear selections the corresponding torque loss is 
taken from a lookup table using empirical data (see Appendix C)  and is a function of 
input torque, Tin and speed, inθ& .   
The compliant version of the model includes lash modelled on the output shaft, 
representative of inter-tooth lash.  For both versions of the model (rigid and compliant) 
the input torque is multiplied by the gear ratio to produce an output torque. 
a) Rigidly connected 
 
 
 
b) Compliantly connected 
 
 
 
 
 
Figure 6-13 A block diagram for the rigidly (a) and compliantly (b) connected gearbox 
subsystem. 
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6.3.3 Differential and Final Drive 
Similarly to the gearbox the inertias of the differential and final drive are lumped into a 
single inertia, Jf.   Gear tooth compliance is ignored and it is assumed that there is an 
equal distribution of torque between each of the axle half-shafts.  The block diagram 
based upon the equations of Section 5.2.3 for the differential and final drive is shown in 
Figure 6-14. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
The final drive and differential model as implemented in Simulink is shown in Figure 
6-15, with a rigid version of the model shown in Figure 6-16.   
Looking at the compliant model it can be seen that the input torque, Tin  is multiplied by 
the fixed ratio gain of the final drive. Torque output is at two points through two 
compliant shafts (left and right-hand) whose stiffness and internal damping may be 
parameterised differently.  Lash is included using the Simulink
®
 backlash block. 
The rigid model (Figure 6-16) is a greatly simplified version in which the input torque is 
multiplied by the final drive ratio gain and equally distributed by rigid connection to the 
left and right hand torque outputs. 
Figure 6-14 Block diagram for the final drive and differential. 
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It should be noted that the outputs of the compliant version of the model may be 
parameterised such that they represent, depending on the vehicle configuration, the 
compliance of the output shaft and axle halfshaft between the differential and wheels. 
 
 
Figure 6-16 Rigid version of the final drive and differential model. 
6.3.4 Axle Half-shaft 
The block diagram used for the axle half-shaft is a simple block diagram including only 
a single inertia as shown in Figure 6-17. This block diagram shows the rigidly 
connected version.  
In normal use the compliance of the driveshaft may be included within the final drive 
and differential model as previously shown.  As a consequence of this it is anticipated 
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that a compliant version of the driveshaft will only be necessary for the rear-wheel drive 
vehicle configuration where it will be located between the gearbox and final drive.   
 
 
 
The Simulink block diagram model for rigid and compliantly connected versions of the 
driveshaft are shown in Figure 6-18 and Figure 6-19 respectively. 
6.3.5 Tyre 
The block diagram used for the tyre submodel is shown in Figure 6-20.  This version of 
the block diagram includes the LuGre friction model as described previously in Section 
5.2.5.   
The Simulink tyre model is shown in Figure 6-21.   The input torque is applied to the 
first of the tyre inertias, Jt1.  By way of a compliant connection this torque is transmitted 
to the second inertia, Jt2 less the torque Tr which is the tyre’s rolling resistance.  The 
rolling resistance is obtained from the lookup table Cr and is a function of the tyre belt 
linear velocity.  The velocity of the tyre belt is used together with the vehicle velocity to 
calculate the slip, 
_t re lx&  
of Equation (5.27) that in turn is used to calculate the two 
tractive forces, one as a result of the viscosity of the lubricant separating the tyre ( lF) 
and road and the other as a result of bristle stiffness ( bF ) as shown in Equation (5.31). 
Figure 6-17 Block diagram for the axle half-shaft. 
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6.3.6 Chassis 
The chassis submodel terminates the drivetrain and is needed to provide a velocity 
signal for the preceding subsystems. A block diagram of the chassis model is shown in 
Figure 6-22.  As can be seen from the diagram the input force is the sum of each of the 
individual tyre tractive forces, tFΣ .  
In calculating the chassis acceleration, the forces arising as a result aerodynamic drag 
and incline, LF  as shown in Equation (5.33) are deducted from the total tractive force. 
The Simulink block diagram model is shown in Figure 6-23. 
 
 
 
6.4 Submodel Assembly 
A number of the PaS submodels are now used to create two different drivetrain master 
models.  The top level structure of the models is shown in Figure 6-24 in the front-
wheel drive configuration and Figure 6-25 in the rear-wheel drive configuration.  Each 
of the models is constructed by selecting the appropriate submodels from a library and 
connecting them appropriately. 
Figure 6-22 Block diagram model of the driveline terminating chassis model. 
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Each of the submodels is connected through a ‘wrapper’ which enables signal name 
customisation and signal routing flexibility within the model.   An example of a wrapper 
is shown in Figure 6-26.   
As previously mentioned each of the submodels is held within a library as a Simulink 
configurable subsystem.  This enables selection of a number of different models i.e. 
rigid, compliant, higher fidelity versions thus incrementing model reconfigurability. 
Model selection changes are made easily without changing the form or IO structure of 
the model. An example of this may be seen in Figure 6-27 in which the clutch submodel 
of Figure 6-26 has been changed to a rigid version; note that the previously inactive 
signals have become active as a consequence of the change. 
6.5 Summary 
A number of realtime capable drivetrain submodels have been implemented within the 
Simulink modelling and simulation environment.  The submodels are collected together 
within a PaS drivetrain library for use in creating drivetrain models of varying 
configuration.  Parameterisation of the models is achieved through each submodel’s 
mask using a script that is executed on initialisation of the model.  The script brings 
parameter values into the mask workspace of the submodel where they used.  
Simulation of the PaS submodels is undertaken in Chapter 8.  
The next chapter looks at energy based parameter elimination methods that may be 
applied to the PaS submodels optimising them for a particular simulation task. 
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Figure 6-26 Clutch 'wrapper' (left) and configurable subsystem (library linked) 
contained by the 'wrap'. 
 
 
Figure 6-27 Rigid clutch submodel configurable subsystem with BlockChoice set to 
rigid submodel version.
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Chapter 7  
Parameter Elimination 
Use of a library-based approach to modelling presents a unique challenge when 
parameterising the model.  Selecting ‘objects’ from a library of contextually similar 
models results in the use of generic components that are not optimised for any particular 
modelling study, they are broad-based, general purpose models.   
The following chapter looks at optimising a model by systematically reducing the 
number of parameters included to the least possible whilst maintaining model output 
accuracy above some threshold.   This process of ‘parameter elimination’ may be 
viewed as a model reduction technique with a more specific objective. Although 
developed for use with reconfigurable models the technique may be applied in 
optimising, by parameter elimination, a range of other simulation models.   
This chapter begins by discussing a number of previous studies that make use of energy 
based methods for reducing the number of model parameters. These energy based 
methods are utilised due to their ability to maintain the physical relevance of the 
models.  After the review of literature is complete a new algorithm is proposed and 
implemented within the Matlab programming environment for use in optimising 
reconfigurable i.e. PaS and PLMC, Simulink models. 
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7.1 Elimination Objective 
Model parameter elimination seeks to select a subset of model parameters U from an 
original set, G whilst ensuring that the error E does not exceed some threshold.  The 
error is the difference between the output(s) of interest (“OOI”) of the original model or 
empirically obtained measurements, compared with the parameter reduced model.  This 
may be summarised; 
 { }|U G E threshold⊂ <   (7.1) 
Where the error, E which is the difference between the OOIs of the original model or 
empirical measurement, yo and the parameter reduced version yu is calculated; 
 = −o uE y y   (7.2) 
For a number of different model OOIs the total error may be calculated as a weighted 
function; 
 1 1 2 2
,...,T m nE wE w E w E= + +   (7.3) 
where En is the error term for each OOI and wm the weighting coefficient.  The error 
term En is calculated in both the time and frequency domain as is shown later in Section 
7.3.3. 
7.2 Review of Literature  
Model reduction techniques shown in literature concentrate on linear systems using 
techniques in the time and frequency domain.  The techniques generally result in system 
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models devoid of any physical significance [91], the few that result in physically 
meaningful models include those by Sueur [92], Rosenberg [93] and Louca [94]. 
Rosenberg [93] presents a “graphically-oriented, computer-based tool for examining 
power response in dynamical systems”.  Making use of bond graphs Rosenberg 
calculates the root mean square (“RMS”) power of each of the models bonds as shown 
in Equation (7.4). 
 
( )2
1
1 n
i
i
RMS e f
n =
= ⋅∑   (7.4) 
Where n  is the number of power measurements, e the effort variable, f the flow 
variable.  The effort and flow variables together indicate the power of a bond i.e. for 
mechanical systems the effort is a force and the flow velocity (see Section 3.2.2).  For 
each of the bonds the RMS average is ranked in order of magnitude.  It is shown that 
elimination of a selected number of bonds with the lowest RMS, results in a reduced 
model of response comparable to the original and with an error equal to E.  
Following from the work of Rosenberg, Louca [94] develops the PROMOGEN 
Algorithm using Rosenberg’s energy method.  Making use of bond graphs, Louca 
defines bond activity iA as shown in Equation (7.5), this is used instead of the RMS 
average to rank the respective bonds and thus determine their relative importance.   
 
0
i i i
A e f dt
τ
= ⋅∫   (7.5) 
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Where τ  is the time over which the model is used i.e. the duration of the simulation.  
Each of the bonds is ranked according to their normalised activity index, A I  as shown 
in Equation (7.6).  
 0
0
1
i i
i
j
t
i i
i
e f dt A
AI
A
e f dt
τ
τ
=
⋅
= =
⋅
∫
∑∫
  (7.6) 
Where j  is the total number of bonds, i the bond index and At the total recorded bond 
activity for the whole of the model.   
Louca demonstrates the validity of these principles using a linear, time invariant quarter 
car model which is a simplified single wheel vehicle conceptualisation. Further use of 
Rosenberg’s Energy Based Model Reduction Method (“EBMRM”) is made by Louca in 
[34] and most recently in [62] where the method is used in conjunction with a model 
accuracy validation algorithm developed by Sendur [95].  
7.3 Parameter Elimination and Model Evaluation Algorithm 
Extending the work of Rosenberg, Louca and Sendur a new parameter elimination 
algorithm is now presented, the Parameter Elimination and Model Evaluation Algorithm 
(“PEMEA”).  The algorithm is capable of direct analysis of Simulink models in-situ and 
retains the structure of the models such that physically based models remain physically 
based.   
The algorithm searches for the parameters associated with the lowest activity energy 
elements i.e. springs, mass and dampers within a physics based model with a view to 
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eliminating them.  A number of these candidate parameters are chosen using the energy 
based methods previously described and are then eliminated in a ‘test’ which examines 
the consequence for a particular simulation OOI.  From this information an optimum set 
of parameter eliminations are chosen.  The result is a model whose structure is changed 
by the exclusion (or inclusion) of the parameters that instantiate its energy elements.  
An overview of the algorithm is presented as Figure 7-1.  The process may be thought 
of as being made up of three parts; parameter ranking, parameter elimination and model 
evaluation, each of these are now discussed in turn. 
7.3.1 Parameter Ranking 
The PEMEA begins by performing an energy based analysis on each of the parameters 
associated with the energy elements of the model (spring, mass and damper) to create a 
ranked list of parameters which become targets for elimination.  In creating the list 
Louca’s ‘activity’ is chosen above Rosenberg’s RMS average, this is because as Louca 
states the RMS can give an incorrect judgement on the power of one bond relative to 
another due to the “weighting” of the peak power values [94]. 
In calculating the parameter activity the model developer must select an appropriate 
simulation time and model input.  For example, in the case where the transient is the 
most important consideration a step-input may be chosen and the simulation duration 
need not exceed the time required to reach the steady-state. Alternatively for the case 
that the steady-state is the most important consideration the simulation time should be 
extended such that activity is recorded during the steady state.   
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Figure 7-2 shows a simple yet typical example in which an activity analysis has been 
undertaken. The six parameters to be considered for elimination in this two mass system 
Figure 7-1 An overview of the PEMEA process. 
Parameter Ranking 
Simulate original model and 
rank activity of parameters. 
Create parameter 
elimination set, L from 
lowest ranking parameters. 
Parameter Elimination 
Cumulatively eliminate 
parameters in L from full 
parameter set G and 
simulate. 
Optimised model 
Model Evaluation 
Evaluate n and E for each 
simulation and determine 
optimum reduced 
parameter set U 
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are the stiffness parameters, K1 and K2, the damping parameters B1 and B2, and the 
inertia parameters M1 and M2. For each energy element a pair of measurements is taken 
to enable the calculation of its activity.  The appropriate signals are determined by 
reference to Table 3-1; for example in calculating the activity of M1, the signals F1 and 
1x&  are measured such that 
1 1 1M
A F x dt= ∫ & . 
 
  
 
 
 
 
The Simulink model of the spring-mass system (shown in Figure 7-3) is subjected to 
random input (white noise) for a duration of 1 second and the activities of each of the 
energy elements recorded.  Table 7-1 shows the increasing activity of the elements 
associated with the named parameters.  The values are obtained using the Runge-Kutta 
solver with a step size of 41 10−× .  
 
Figure 7-2 A dual mass spring damper system. 
M2 
M1 
B2 
B1 
K2 
K1 
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Table 7-1 Rank of activity associated with the various energy elements of the two mass, 
spring damper model. 
 
 
 
 
 
7.3.2 Parameter Elimination 
From the rank of parameters the PEMEA chooses a number of those with the lowest 
activity such that the sum of their activity does not exceed some user determined 
proportion of the total model activity as shown in Equation (7.7).   
 =p c tE a A   (7.7) 
Where ac is the user defined activity cut-off and At is the total model activity.  The 
resulting parameters are added to an elimination set L. The elements of the set L are 
ranked within the set such that the lower activity elements are assigned a lower index 
i.e. for { }1, 2 , ..., np p p  lower values of n  represent lower activity parameters.  
 Value Activity 
B2 0.01 Ns/m 0.0099 
B1 0.01 Ns/m 0.0210 
K2 200 N/m 2.7145 
M2 0.1 kg 4.0444 
K1 200 N/m 4.2007 
M1 0.1 kg 19.0040 
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A number of simulations are run instantiating the model with an increasingly reduced 
parameter set as further parameters are eliminated.  The reduced parameter set is 
decremented by one parameter from L for each simulation until all parameter in L have 
been eliminated and the series of simulations completed.  The results are then compared 
using a model evaluation routine to determine the optimum number of parameter 
eliminations to make. 
7.3.3 Model Evaluation  
Sendur [62] develops a model accuracy assessment algorithm which evaluates both 
model overall performance and deviation from a number of amplitude specified output 
points for an OOI.  In relation to the amplitude specified outputs Sendur notes that for a 
run of simulations in which the parameters { }, ...,i np p  are successively eliminated from 
the model the error, E
 
may either increase or decrease.  As an example of this Figure 
7-4 shows how the accuracy of the two mass spring damper model previously used 
varies with the number of parameters, note in particular how the normalised error 
reduces as the number of model parameters is reduced from three to two.  These results 
show that making a reduction in the number of parameters using the information 
obtained from the EBMRM may not necessarily produce the intuitive result of a 
continued increase in error as an increasing number of parameters are eliminated.  
The EBMRMs are used in conjunction with a model evaluation algorithm to determine 
the parameter set and the model associated with the optimum error from the run of 
simulations for the number of parameter eliminations made.   
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Figure 7-4 A graph showing normalised error for an OOI plotted against the number of 
eliminated model parameters. 
A flowchart diagram of the model evaluation algorithm used within the PEMEA is 
shown in Figure 7-5. In each cycle through the routine, the vector of n outputs 
( )1 2, ... nY y y y=  corresponding to the OOIs is recorded and an additional parameter 
from the elimination set L is eliminated.  This is repeated until all the parameters in the 
elimination set have been removed; after m simulations.  In this manner a vector of 
results, 
yR  is formed as shown in Equation (7.8).  
 [ ]1 2, ,...,y mR Y Y Y=   (7.8) 
The results Ry are then analysed in both the time and frequency domains to determine 
the total error as shown in Equation (7.3).  For comparison in the time domain the 
squared sum of residuals, RSS is calculated. 
 ( ) ( ) ( )2 2 21 2, , ...,SS o o o mR Y Y Y Y Y Y = − − −  ∑ ∑ ∑  (7.9) 
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Where oY is either the original model or empirically obtained response.  In the 
frequency domain the Power Spectral Density, PSD of the OOIs is calculated for each 
of the parameter reduced simulations
 ( )1, ,...,o mS S S  for the total m simulations and 
compared to the PSD of the original signal (or empirical response), oS  on the basis of a 
residual sum, RS. 
 ( ) ( ) ( )1 2, , ...,S o o o mR S S S S S S = − − − ∑ ∑ ∑  (7.10) 
Table 7-2 shows the activity, RS and RSS of the simple two mass spring-damper system 
of Figure 7-2.  The RS and RSS are calculated from the acceleration of M1 and velocity of 
M2 as the parameters listed in the left hand column are successively eliminated. The 
comparison is made against the original model output. As can be seen from the table the 
RS and RSS values differ for the two OOIs.   
Table 7-2 RS and RSS values for the Acceleration and Velocity for successive parameter 
eliminations. 
 
 
 
 
 
 
 
 
Activity 
(J) 
Acceleration of M2 Velocity of M1 
Rs Rss Rs Rss 
B2 0.0099 112.680 1.0816 0.0110 0.0066 
B1 0.0210 429.483 15.106 0.0393 0.0238 
K2 2.7145 366.942 53912 0.8146 1.1891 
M2 4.0444 4006.06 40100 1.1265 1.111 
K1 4.2007 - - - - 
M1 19.004 - - - - 
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  Figure 7-5 A flow chart showing the model evaluation routine. 
1n n= +  
no 
yes 
Calculate RS, RSS and E. 
Modify L such that it contains 
only parameters corresponding 
to lowest ET. 
Eliminate lowest ranked 
parameter from
( )1 ,... np p  
, 1L n =  
Simulate and obtain 
,o nY Y  
( )n n L≥ ? 
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The error, TE as calculated by Equation (7.3) though amended for inclusion of only a 
single OOI is determined using a weighted function as shown in Equation (7.11).  The 
weighting that the frequency or time domain measures have upon the final error is 
decided by the user. 
 = +T S SSE aR bR   (7.11) 
Where a and b are the user defined constants such that; 
 1a b+ =   (7.12) 
The total error is calculated for the two mass spring-damper and appended to the results 
table as shown in Table 7-3. 
Table 7-3 Appended table including ET 
 
 
Activity 
(J) 
Acceleration of M2 Velocity of M1 
ET 
Rs Rss Rs Rss 
B2 0.0099 112.680 1.0816 0.0110 0.0066 28.4448 
B1 0.0210 429.483 15.106 0.0393 0.0238 111.163 
K2 2.7145 366.942 53912 0.8146 1.1891 13570.24 
M2 4.0444 4006.06 40100 1.1265 1.111 11027.27 
K1 4.2007 - - - - - 
M1 19.004 - - - - - 
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The PEMEA algorithm chooses the optimum reduced parameter set which is a 
compromise between the maximum number of parameters eliminated and the error. The 
optimum set may be taken for example as the set, that, for the sequence of simulations 
conducted by the PEMEA produces the minimum mean error, minE  as shown in 
Equation (7.13). 
 
min min
 =  
 
cEE
n
  (7.13) 
 Where Ec is the cumulative error of the simulations, incremented as parameters are 
eliminated and n is the number of eliminated parameters. 
7.3.4 Parameter Set Robustness 
A review of the literature reveals that neither Rosenberg or Louca consider the effect of 
variation in parameter values on the parameter activity rank, due for example to their 
uncertainty. The effect of this is demonstrated in Figure 7-6 which shows the activity 
rank after an amendment to the mass parameter, 2M  of -10% for the two mass spring-
damper.  As can be seen from the table the rank of parameters for this linear, two 
degree-of-freedom example has now changed.  
This result suggests that the energy method of parameter elimination is only suited for 
use with a fully and finally parameterised model in which all parameters including those 
to be eliminated are known with a good deal of certainty.  Full and final 
parameterisation of a model in the context of reconfigurable modelling compromises the 
usefulness of the EBMRM’s, as there is little point in fully parameterising a model to 
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then eliminate a selection of these parameters (apart from the simulation efficiency 
improvement). 
 Activity (J) 
B2 0.0102 
B1 0.0182 
K2 2.7974 
K1 3.5020 
M2 3.8758 
M1 18.1636 
   
In lieu of a full and final parameter set the PEMEA accepts parameters defined within 
the bounds of the limiting values pmin > pnom > pmax, the robustness (certainty) of a 
parameter reduced model is then established by undertaking a simple parameter 
sensitivity analysis.   
The sensitivity analysis requires a number of simulations to be run, in each of the 
simulations a single parameter from the elimination set L is varied firstly to its upper 
and then lower limit. In each case the parameter activity rank is compared to the original 
activity rank. If the activity rank changes as a result of running the simulation at the 
upper or lower value of a parameter then it is labelled as rank varying.  The model 
developer may as a result of this choose to eliminate the parameter from the elimination 
set or obtain a more certain value for it. 
Figure 7-6 Modified parameter activity rank of the two mass, spring-damper. 
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7.4 Summary 
This chapter has investigated parameter elimination in models.  The rationale for 
parameter elimination is both optimisation, of what will have begun as a generic, multi-
purpose models, and a reduction of the parameterisation burden for product 
development processes.  The optimisation results in a purpose-optimised model that is 
computationally and parametrically efficient, requiring reduced effort (and time) for 
parameterisation.  A parameter reduced model offers the potential for earlier use within 
the development process.   
In the next chapter the integration of the PEMEA and PLMC within a model 
configuration tool is discussed. 
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Chapter 8 
Model Configuration Tool 
Following the discussions in previous chapters this chapter brings together the ideas of 
PLMC and PEMEA in the form of a Model Configuration Tool (“MCT”).  The MCT is 
a tool that may be used to automatically configure a PLMC model based upon a simple 
user specification.  The MCT may then, if the user so requires, run a parameter 
elimination algorithm and in so doing produce a quickly configured and optimised 
simulation model. 
The chapter begins by looking at the MCT in overview.  Following from this the MCT 
GUI is presented and it is shown how the tool may be used for automatic model 
configuration.  Finally the chapter looks at the integration of the model optimisation 
algorithm (PEMEA) previously discussed within the MCT. 
8.1 Model Configuration Tool 
The Model Configuration Tool (“MCT”) is developed for the purpose of automatically 
configuring simulation models based on a simple user specification.  It makes use of 
PLMC models that have been previously created (though not instantiated) by the 
assembly of four model elements.  The MCT differs from other automated modelling 
software such as that discussed by Ferris [96] and Wilson [97] that quantises a single 
degree-of-freedom lumped inertia to provide the best response for a given frequency 
range of interest. 
Model Configuration Tool 
125 
 
As previously indicated the MDF element provides a scaffold upon which hangs the 
lower level model structure as determined by the structural templates and function as 
provided by the PaS submodels.  
Figure 8-1 shows in overview the process of model configuration using the MCT.  The 
model is firstly specified by the user who selects various instances of the pre-created 
PLMC elements to define the structure and function of the master model. The details of 
this process is explained in the next section. Following from this the model is 
instantiated and parameterised with the default parameter files (unless the user selects 
an alternative parameterisation) associated with each of the PaS submodels used.  The 
model then enters the optimisation phase where parameter elimination methods may be 
employed.  These methods are initiated, as will be shown, through the GUI.  The result 
of the MCT process is an optimised, parameter reduced model that is created in a matter 
of minutes. 
Use of the PLMC approach with the MCT provides advantage for the creation of 
models over other entirely manual approaches, particularly where it is used as part of 
MBD. These advantages include; 
a. Rapid model development and reconfiguration. 
b. Common ‘core’ approach and constrained model evolution. 
c. Reuse of previously developed, tested and approved model components. 
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Figure 8-1 The MCT process. 
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Large organisations that have many different teams involved with the same engineering 
project, perhaps separated over a number of different geographical regions may be 
brought together conceptually through the MCT.  Different revisions of the system 
model may be made within the constraints provided by its elements.  In addition users 
who are unfamiliar with Simulink or lack previous experience of model development 
are not excluded from using the models developed by others for the purpose of 
simulation. Overall the GUI provides a minimally complex means of creating, 
configuring and then reconfiguring models. 
In introducing the MCT, its principles of operation are now discussed in overview.  
8.2 Model Configuration 
The MCT is created as a GUI using Matlab’s GUIDE tool.  The GUI is designed to be 
accessible to the largest range of users possible including developers who are 
responsible for the creation of the model elements and the operators who are those 
using the GUI.   
Configuration of the master model is undertaken by the MCT in four stages, these are 
initialisation, configuration, parameterisation and optimisation.  
8.2.1 Initialisation 
The first of the stages, initialisation, requires the user to select an MDF, structural 
template library and PaS submodel library from which the model structure and 
functionality are derived.   The selection part of the process is shown in Figure 8-2.  
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Figure 8-2 Initialisation stage of the GUI operation. 
8.2.2 Configuration 
Once the model development framework and source libraries have been chosen, 
configuration of the master model begins as shown in Figure 8-3.  Configuration allows 
the user to choose the structure of the model by selecting a structural template for each 
system as defined by the MDF.   
Once the user has selected the structural templates, the GUI is able to determine which 
subsystems are present in the model by reading a structural template configuration file. 
The user then selects from the dropdown menu a PaS submodel to populate each of the 
subsystems (Figure 8-4). 
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Figure 8-3 Configuration stage using the GUI. 
 
Figure 8-4 The second part of the GUI configuration stage. 
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8.2.3 Parameterisation 
Once a model is selected, model parameterisation begins. Each of the PaS submodels 
has its own default parameter file to which it is linked through its subsystem mask (see 
Chapter 4). For alternative parameterisations the GUI allows the user to change the 
parameter file that is linked to each of the submodels (Figure 8-5). 
 
Figure 8-5 The parameterisation stage of the MCT GUI. 
The result to this point of the model configuration process is a set of data that describes 
a master model, the model itself has not yet been instantiated.  This information can be 
saved such that model development work may be continued at a later time or by some 
other user/group of users.   From this point the model may now be instantiated and then 
optimised using the PEMEA. 
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8.3 Optimisation 
Once the model has been fully configured the MCT provides the option of model 
optimisation using the PEMEA.  Figure 8-6 shows the optimisation stage of the MCT 
where the user enters the activity cut-off, ac which ultimately determines the number of 
parameters selected for the elimination set according to Equation (7.7).  Additionally if 
an empirical input-output pair is available this option is selected. 
 
Figure 8-6 Optimisation stage of the model after Configuration has been completed. 
The algorithm is then run and the results are presented within the GUI as shown in 
Figure 8-7 below.   The cumulative error associated with the elimination of an 
increasing number of parameters is shown alongside the most recently eliminated 
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parameter of the sequence.  Additionally the various OOIs are shown and may be 
plotted against the same OOI from the original full parameter version of the model or 
the empirical output (if available) for comparison. 
 
Figure 8-7 GUI with completed optimisation results. 
Following from the selection of the optimum parameter set the sensitivity of each of the 
elimination parameters is checked as discussed in Chapter 7.  Those deemed to be rank 
varying are indicated as such and it is then the responsibility of the model developer to 
determine more accurate parameter values, if these are available.  It is then possible to 
open the model, parameterised with the optimum set, U for simulation and further 
development. 
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8.4 Summary 
The prefabricated model elements of the PLMC can be brought together and 
automatically configured for use using the MCT developed within this chapter.  Use of 
the MCT increases the speed of model configuration beyond that of the PLMC alone on 
the basis of a simple user specification.   
Used as part of an MBD process the PLMC and/or MCT enable the synthesis and use of 
large models at a much earlier stage in the development process.  This is achieved by 
having available quality model elements, a predefined structure and model optimisation 
algorithms. 
The optimisation algorithms enable generation of parametrically and computationally 
efficient models.  By running the algorithms the user is able to determine the relative 
importance of one parameter to another on any number of outputs of interest.  This 
information may be used for a number of purposes including; 
1. Elimination of unnecessary parameters. 
2. Elimination of parameters whose exclusion is judged to be of acceptable ‘cost’ 
to the output. 
3. Judging the importance and thus likely effect of the elimination of a parameter 
whose value is difficult to obtain or not available before a certain point in the 
development process. 
In the next Chapter the PLMC and Model Configuration Tool are used to develop a 
realtime drivetrain model for the simulation of a number of driving manoeuvres.   
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Chapter 9 
Simulation Analysis 
A number of simulations are now undertaken making use of the developments of the 
previous chapters. Initially a front wheel drive drivetrain model is created using PaS 
submodels and parameterised with typical vehicle parameters.  The model is simulated 
as a torque step-input and then an empirical-input is applied and the response of the 
model examined.  Beyond this the model is compared with an equivalent Dymola model 
in terms of both its response and the time taken to simulate. 
In the last part of this chapter a realtime drivetrain model is configured using the MCT 
and simulated using a dSPACE realtime simulation platform. Results are examined and 
compared for an optimised and un-optimised version of the model. 
9.1 PaS Submodel Simulation 
By way of demonstration of the PaS drivetrain submodels three different simulations 
are now undertaken using the PaS drivetrain model as shown in Figure 9-1.  The first 
simulation examines the response of the model to a torque step-input, the second 
compares its response for empirical input with an empirical output.  The third and final 
simulation of this section compares the model’s response with an identical Dymola 
model both of which are subjected to a torque input characterising a steady acceleration 
manoeuvre.
  
 
 
F
ig
u
re
 9
-1
 F
ro
n
t 
w
h
ee
l 
d
ri
v
e 
v
eh
ic
le
 m
o
d
el
 c
re
at
ed
 u
si
n
g
 P
aS
 d
ri
v
et
ra
in
 s
u
b
m
o
d
el
s.
 
135 
Simulation Analysis 
Simulation Analysis 
136 
 
9.1.1 Step Input Response 
The master model of Figure 9-1, assembled using the PaS submodels is parameterised 
using the parameters typical of a front-wheel drive vehicle [98, 99] shown in Appendix 
C. 
In simulating, the model is initialised at stand-still and a torque ‘step-input’ is applied 
peaking at 80 Nm from the start. Figure 9-2 shows the angular velocity of the left and 
right hand, front driveshafts in response to the input. As can be seen from the figure, 
starting from rest the vehicle accelerates reaching 92 rad/s after one second which 
equates to a vehicle linear velocity of 96 km/h.  
The frequency spectrum of the vehicle chassis acceleration response is shown in Figure 
9-3, this fore and aft movement arises from torsional oscillations occurring within the 
drivetrain.  A peak in the spectrum occurs at 9.49 Hz which corresponds to the 
drivetrain shuffle response [7, 27, 100].  Additionally as a consequence of drivetrain 
lash, oscillations may be clearly seen in the final drive acceleration shown in Figure 9-4. 
9.1.2 Empirical Input Response 
The model of Figure 9-1 is subjected to an input torque as shown in Figure 9-5.  This 
input is measured from a torque transducer located in the front driveshaft of a Ford 
Focus 1.6 (see Appendix D) and then manipulated to characterise an input torque from 
the driveshaft of a Ford Focus 1.6.   
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The model is parameterised again using the parameters of Appendix C with some 
changes made in order to represent the vehicle (Ford Focus 1.6) used in the experiment. 
The changes are shown in Table 9-1.   
Table 9-1 Modified vehicle model parameter values. 
 
Parameter Description Revised Parameter Value 
Tyre Effective Radius 0.307 m 
Vehicle Mass 1150 kg 
Gearbox Ratio Vector {3.660 3.030 1.4480 1.0280 0.7670} 
Final Drive Effective Ratio 4.20 
 
The simulation results compared with the empirical results as shown in Figure 9-6 serve 
as a useful indication of model validity though the two should not be compared on a 
like-for-like basis.  This is because the acceleration manoeuvre is undertaken at fixed 
(mean) ratio in the simulation though in reality an automatic gearbox is used with a 
varying ratio.  As can be seen from the figure the vehicle (empirical and simulated) 
chassis velocity is initialised at 3.87 m/s.  As a result of the torque input this velocity 
rises steadily to a peak of 29.05 m/s (simulated) and 29.02 m/s (empirical) with both the 
empirical and simulated vehicle chassis velocities being similar to one another.    It 
should be noted that the peak velocity of the simulation model is unrealistic for a fixed 
(mean) ratio, requiring an engine speed in excess of 10500 rpm.  
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Figure 9-2 A graph of the angular velocity of the right and left front driveshafts in 
response to an 80 Nm torque step input. 
 
 
Figure 9-3 Frequency response spectrum (FFT) of the vehicle chassis acceleration 
response to an 80 Nm torque step input. 
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Figure 9-4 Lash measured in the final drive. 
 
 
Figure 9-5 shows the model/empirical input torque. 
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Figure 9-6 shows the empirically recorded and simulated vehicle chassis velocities. 
9.1.3 Modelica Comparison 
The model of Figure 9-1 is simulated again using the parameters of Appendix C and 
compared with an equivalent model created using Dymola (a graphical model 
development platform making use of the Modelica modelling language) as shown in 
Figure 9-7. 
In constructing the Dymola model use is made of the Powertrain [101] and Vehicle 
Dynamics  libraries [102].  As can be seen from the figure the thirteen degree of 
freedom drivetrain model accepts a torque input which is applied to the clutch inertia, 
Jclu_1.  Torque flows in the downstream direction through the clutch, the non-linear 
clutch damper and then clutch output shaft. 
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Losses in the gearbox are calculated using a 2D lookup table and applied as a torque to 
the gearbox output shaft.  As with the Simulink model the gearbox inertia is reduced to 
a single location to aid the parameterisation process.  From the gearbox the torque is 
distributed equally to each of the two axle halfshafts and applied to the inertia of each 
front wheel. Force is then applied through the wheels to the SimpleVehicle component 
which includes the effect of aerodynamic drag.  Due to a lack of suitable parameters for 
the Ril and Magic Formula tyre models included within the Vehicle Dynamics library a 
tyre model is not incorporated. As a result the model does not include the effects of tyre 
slip and rolling resistance.  These effects are therefore removed from the Simulink 
model.  Perfect contact is assumed between the road and tyre assumed to enable 
comparison of the features that each model has in common.   
The model is simulated using a torque input as recorded from the ECU of a Ford 1.6l 
Sigma Engine during a typical steady acceleration manoeuvre.  The input is shown 
Figure 9-8 (see also Appendix D). The simulation is initialised at a velocity of 5 m/s 
with a transmission gear ratio of 2.1360 (second gear).  The torque input is 0 Nm 
between zero and six seconds, rising between six and eighteen seconds to 128 Nm.  
During the first six seconds of simulation the vehicle undergoes deceleration not 
exceeding 0.094 m/s
2
 as shown in Figure 9-9.  The deceleration is due to the torque 
losses of the transmission and aerodynamic drag, both of which oppose the motion of 
the vehicle.  At six seconds, the point at which the torque rise begins, the chassis 
velocity is equal to 4.47 m/s.  The peak chassis velocity of 12.8 m/s is attained at 
eighteen seconds (the end of simulation) as shown in Figure 9-10. Additionally Figure 
9-10 demonstrates the consequence of a different stiffness for each of the axle halfshafts 
(7845 and 9273 Nm/rad left and right hand respectively) which results in a different rate 
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of acceleration in each.  This is thought to be one of the primary causes of vehicle drift 
[103] i.e. a vehicle’s tendency to slew to the left or right even when no steering input is 
applied. 
Looking at Figure 9-9 it can be seen that as expected the Dymola model’s response is 
very similar to that of Simulink.  Ideally the two responses should trace one another 
perfectly given that an identical input is applied to both models which equation-wise are 
identical.  The differences that exist between the two models may be traced to the 
Dymola/Simulink lookup tables whose outputs differ for identical inputs.   
The absolute chassis acceleration error between the two model versions may be 
calculated using Equation (9.1); 
 
0 0
t t
Sim Dym
t t
E Aveh Aveh
= =
= −∫ ∫   (9.1) 
where SimAveh  and DymAveh  are the vehicle chassis accelerations as calculated by the 
Simulink and Dymola models respectively.  The absolute error over the 18 seconds of 
simulation between the two models is calculated to be 0.1033.  
 
Figure 9-8 Torque applied to the Dymola and PaS created model. 
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Figure 9-9 Chassis acceleration output of PaS (blue) and Dymola (red) models. 
 
 
 
 
 
Figure 9-10 Vehicle chassis and rim (front left, front right, rear left and rear right) 
velocities. 
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Table 9-2 shows the simulation statistics for comparison.  As can be seen from the table 
the Dymola simulation takes significantly longer to run.  The mean time to simulate 
(over three runs) is nearly seven times as high, mean cycle time i.e. the mean time taken 
for each step of the simulation to calculate, are approximately one order of magnitude 
different from one another, with Simulink being the quicker of the two. 
Table 9-2 A comparison of the Dymola and Simulink model simulations for a steady 
acceleration manoeuvre. 
 
Number of 
Steps 
Time to Simulate 
(sec) 
Mean Cycle 
Time (sec/cycle) 
Dymola model 21668 90.233 4.16×10-3 
PaS model 22234 13.0582 5.87x10
-4
 
Dormand-Prince variable step solver 
9.2 Simulation Optimisation 
In addition to automatic model configuration the MCT may be used to run the model 
optimisation routines discussed in Chapter 7.  Two examples are used in the next 
section both making use of a 14 degree-of-freedom, front wheel drive drivetrain model  
configured using the MCT, with similar top-level structure to the PaS model shown in 
Figure 9-1 (see Appendix G for full model structure).   The two examples differ in their 
torque input and duration of simulation.  The first example concerns the optimisation of 
the model subject to a torque step-input as used previously (i.e. 80 Nm from 0 seconds 
of simulation) with the simulation being run for 1 second.  The second example is that 
of the steady acceleration manoeuvre; the model is subjected to the drivetrain torque 
input used previously (see Figure 9-8) and simulated for 18 seconds.  In both cases 
twenty-nine of the parameters associated with the model’s energy elements are targets 
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for elimination.  It is not however possible to eliminate all of these at once.  The 
parameters are listed according to the submodel in which they appear in Table 9-3 (see 
also Appendix G for diagrams showing the model structure). 
Table 9-3 Optimisation routine targeted energy elements 
 Clutch Gearbox 
Final 
Drive 
RL 
Wheel 
RR 
Wheel 
FL 
Wheel 
RL 
Wheel 
 
Damper 2 1 2 1 1 1 1 
Spring 2 1 2 1 1 1 1 
Inertia 1 1 1 2 2 2 2 
Total 5 3 5 4 4 4 4 29 
 
9.2.1 Parameter Rank 
The examples (step-input and steady acceleration) are run using the PEMEA and the 
activity of a selection of the parameters associated with the lowest activity energy 
elements recorded for both (shown in Figure 9-11).  In the figure the parameters are 
ordered by the activity calculated for the steady acceleration input though it is similar in 
both cases.  The most notable exceptions are the final drive inertia, Final Drive (J) and 
clutch damper, Damper (J). 
9.2.2 Parameter Elimination Error 
Following from the activity analysis eleven parameters of the lowest activity are 
successively eliminated for both the step-input and steady acceleration examples.  Both 
are simulated after successive parameter eliminations are made and the output response 
of the chassis acceleration and final drive angular velocities recorded. 
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Figure 9-11 A graph showing a selection of the energy element activities for the steady 
acceleration and step-input examples. 
The RS and RSS values for the vehicle chassis acceleration and final drive velocity of the 
steady acceleration manoeuvre are calculated (compared with the original model) and 
shown in Figure 9-12 and Figure 9-13. As can be seen from Figure 9-13 after five 
parameter eliminations (Damper (C), Damper (K), Final Drive RH (B), Final Drive LH 
(B) and Clutch B) there is little difference, as further parameter eliminations are made, 
in the squared sum of residuals.  In the case of both the RS and RSS the acceleration 
output is affected by the parameter eliminations to a lesser degree. 
The results for the step-input response as successive eliminations are made may be seen 
in Figure 9-14 to Figure 9-16.  In each case the outputs are shown in comparison with 
the original full parameter model outputs as three, six, nine and then twelve parameter 
eliminations are made.  As can be seen in all cases the parameter reduced models’ 
output tracks the full parameter models’ output closely.   
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Figure 9-12 RS Error of the drivetrain model simulating a steady acceleration 
manoeuvre. 
 
 
Figure 9-13 RSS Error of the drivetrain model simulating a steady acceleration 
manoeuvre. 
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Figure 9-14 Angular velocity of the vehicle chassis with (a) three, (b) six, (c) nine, and (d) 
12 parameter eliminations compared with the full parameter model output for step-torque 
input. 
(d) 
Simulation Analysis 
150 
 
 
 
 
 
 
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-10
-5
0
5
10
15
20
25
30
Simulation time (sec)
A
v
e
h
 (
m
/s
2
)
Aveh
 
 
Reduced
Original
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-10
-5
0
5
10
15
20
25
30
Simulation time (sec)
A
v
e
h
 (
m
/s
2
)
Aveh
 
 
Reduced
Original
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-5
0
5
10
15
20
25
30
Simulation time (sec)
A
v
e
h
 (
m
/s
2
)
Aveh
 
 
Reduced
Original
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-5
0
5
10
15
20
25
30
Simulation time (sec)
A
v
e
h
 (
m
/s
2
) 
Aveh
 
 
Reduced
Original
Figure 9-15 Angular acceleration of the final drive  with (a) three, (b) six, (c) nine, and (d) 
12 parameter eliminations compared with the full parameter model output for a step-torque 
input. 
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Figure 9-16 Frequency spectra of acceleration output after (a) three, (b) six, (c) nine, and  
(d) 12 parameter eliminations compared with the full parameter model spectrum for the 
step-torque input. 
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9.3 Realtime Simulation 
A front wheel drive drivetrain model is configured and optimised for the vehicle launch 
manoeuvre (from standstill) using the MCT for two OOIs, these are the tyre slip 
occurring in the left and right front tyres.  The optimisation results are shown in the 
figure below and indicate that 9 parameter eliminations may be made at the cost of a 
total error, ET as defined by Equation (7.3) (with an even weighting applied to OOIs, RS 
and RSS) equal to 0.0202. 
 
Figure 9-17 MCT PEMEA optimisation results. 
Based on the information provided by the PEMEA two different versions of the 
drivetrain model are instantiated; the original model as created by the MCT and a 
parameter reduced version.   
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The two different model versions are encoded to a realtime executable (c-code) using 
the Real-Time Workshop (“RTW”) [104] automatic code generation software.  The 
executables are run on a dSPACE Simulator consisting of a ds1006 processor board 
equipped with a 2.6 GHz AMD Opteron processor, housed within a PX10 chassis as 
shown in Figure 9-18. 
 
Figure 9-18 dSPACE PX10 with ds1006 2.6 GHz AMD Opteron processor board 
Inputs are applied to the drivetrain model to simulate vehicle launch, from rest in first 
gear by clutch engagement and torque input.  The torque and clutch normal force inputs 
are shown in Figure 9-19. 
.   
PX10 Chassis 
Fibre optic cable 
ds1006 
ds4003 
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Torque input to the drivetrain begins at 1 second after which it is ramped to 150 Nm 
over a further 1 second.  The clutch normal force is applied (clutch engagement) 
beginning at 1.5 seconds from 0 to 6000 Nm over a ramp period of 1 second. 
 
 
 
 
 
 
 
 
 
 
Figure 9-19 Model torque (Tin) and clutch normal force (Fn) inputs for the beginning of 
simulation 
Following engagement of the clutch the vehicle as represented by the model undergoes 
acceleration as shown in Figure 9-20.  The rapid engagement of the clutch and the 75.5 
Nm of torque available at the beginning of the engagement causes a period of high 
acceleration (and shuffle) peaking at around 2.3 seconds.  After this peak the 
acceleration decreases until it reaches a local minimum at 2.7 seconds.  
The decrease in acceleration after the peak may be attributed to tyre slip which rapidly 
increases at approximately 2.3 seconds and continues to a maximum, achieved at 2.7 
seconds.  This is confirmed by Figure 9-21 which shows the relative velocity of all four 
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tyres.  The result is less force being ‘applied’ to the road by the two front tyres (front 
wheel drive) for acceleration of the vehicle. 
 
 
 
 
 
 
 
Figure 9-20 Vehicle chassis acceleration and velocity (original model). 
 
 
 
 
 
 
 
Figure 9-21 Relative velocity of the four tyres with respect to the road surface. 
Comparison between the relative velocities of the original and parameter reduced 
models reveals some difference between the two versions as a result of parameter 
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elimination.  This however is relatively small over the duration with a resulting RSS 
value of 503.921.  In real terms this equates to an accumulated difference as described 
by Equation (9.2) of 1.38%. 
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  (9.2) 
Where 0x&  and rx& are the original and parameter reduced relative velocities under 
investigation. 
 
Figure 9-22 Slip velocity of front left tyre or the original (green) and parameter reduced 
(blue) models. 
Comparing the chassis acceleration response for the two model versions (Figure 9-23) 
again shows little difference between the models.  The RSS value in this instance is 
50.5877. 
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Figure 9-23 Comparison between chassis acceleration of original (blue) and parameter 
reduced (green) model versions. 
The average time taken for the processor board to execute a single step of the simulation 
(cycle time) for the full versions of the model is 1.46×10-5 seconds and for the 
parameter reduced model 1.36 ×10-5 seconds.  The cycle time expressed as a percentage 
of the time available to maintain ‘real time’ status is equal to; 
 
CT
h   (9.3) 
where TC is the cycle time and h the step size (maximum allowable time for the cycle to 
calculate).  For the full version of the model this is equal to 14.6 % whereas for the 
parameter reduced version 13.7% with the maximum for each 16.5% and 15.9% 
respectively. 
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9.4 Summary 
The PaS drivetrain submodels have been shown to characterise the expected behaviour 
in response to a number of different simulation inputs.  The submodels have been 
shown to have a reduced cycle time when compared with an equivalent Modelica model 
created and simulated using Dymola. 
The errors introduced as a result of parameter elimination can be significant however 
the model evaluation that is performed within the MCT as part of the PEMEA provides 
a measured approach to parameter elimination.  Developers may eliminate a number of 
parameters whilst being fully aware of the consequence of the eliminations.  Having a 
range of pre-created submodels and a means by which to reduce the parameterisation 
burden is likely to result in earlier use of models within the product development cycle.  
This is of significance particularly to MBD and similar approaches. 
The drivetrain submodels have been shown to be realtime capable running successfully 
on a dSPACE ds1006 realtime processor board. Parameter elimination results in a 
reduced cycle time compared with a full fidelity (un-optimised) model.  Though the 
difference in cycle times are not especially significant in the drivetrain examples used 
within this chapter, results become significant for larger models with a greater number 
of activity elements. 
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Chapter 10 
Conclusions and Recommendations for Further Work 
Simulation models are used more frequently and for a greater variety of tasks than ever 
before in the past.  This trend is set to continue as customer’s expectations rise and 
OEMs (and their suppliers) seek to differentiate their products over competitors; all of 
this whilst reducing product development time and cost to the least possible. 
The modern day product design process is an iterative one in which a simulation model 
is used and changed as design revisions are undertaken.  Use may be made of 
simulation methods (particularly within MBD and similar processes) such as SiL, HiL 
and control prototyping each of which have their own requirements of a simulation 
model.  The form and function of a simulation model thus changes through the 
development process and a means is therefore required by which models may be rapidly 
created and then reconfigured for most efficient development progress. 
This body of work has established two unique approaches to simulation model creation 
and reconfiguration, the PaS and PLMC methods.  This has been achieved largely 
through a strategy of reconfigurable modelling which is defined as a modular approach 
that includes some of the facets of the object-oriented methods.  As a result the 
reconfigurable approaches reduce product development risks by minimising the time 
and effort required for the assembly and reconfiguration of new models.  In addition 
since the submodels that constitute a reconfigurable approach are created at a time 
earlier than their use (and may have been debugged and tested in previous development 
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efforts) use of models may be made earlier in the development process.  This is true 
compared at least with other methods that require the creation of the simulation model 
from nothing. 
10.1 Simulation Model Creation 
Chapter 2 shows, through a review of literature, that the development of system models 
in the majority of cases follows a similar pattern, which is reiterated here as follows; 
1. Definition of the system (region in space) to be studied. 
2. Input-output structure definition and application of the simplifying 
assumptions. 
3. Creation of free body diagrams and application of physical laws. 
4. Generation of system equations. 
5. Creation of simulation model. 
Definition of the system input-output structure seeks to identify the way in which the 
system interacts with its environment and consequentially isolates it from the 
environment with which it ‘communicates’.  Simplifying assumptions are applied to the 
model and in so doing an abstraction of reality is created.   Free body diagrams (where 
appropriate) are then drawn and the application of well established physical laws (or 
system identification) is undertaken to establish a link between the model input and 
output.  This naturally leads to the generation of the system equations to form the 
system model which is subsequently encoded using a software tool to produce the 
simulation model.  
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The approaches to model creation found in literature and presented in Chapter 2 have 
been found to fall within one of three categories traditional, finite element or modular.  
The traditional approach is one that gives little consideration to the final form of the 
model and as a consequence the resulting model form is primarily a function of the 
system equations.  There are few differences between the finite element and modular 
approaches apart from the size of the ‘building blocks’ used. In each, the ‘elements’ that 
constitute the building blocks of the approach are combined together to create a master 
model.  The finite elements tend to be much smaller in size and are topologically 
different from their physical counterparts; this is contrasted by the submodels of a 
modular approach which are topologically very similar to the physical system being 
studied. 
10.2 Reconfigurable Modelling 
Using a reconfigurable approach to model development dramatically increases the ease 
with which a model can be created and reconfigured and therefore makes it ideal for use 
within product development and optimisation processes requiring ongoing model 
revision. 
In increasing the reconfigurability of the modular approaches described in literature 
some of the facets of the object-oriented approaches as discussed in Chapter 3 have 
been applied.  The result of this is the precipitation in the graphical modelling domain 
of some of its advantages which are said to include; 
• An increase in the reusability of previously developed models minimising the 
effort associated with the development of new models. 
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• A reduction in model maintenance by enabling the collection of ‘volatile’ parts 
of the model in one place or the easy replacement of whole model sections 
through a pre-defined model I/O structure. 
• A hierarchical, component oriented topology that appeals to human cognition 
aiding the development of models and rapid familiarisation of model developers 
with new models. 
• Quick and easy model expansions as a result again of a unified, predetermined 
input-output structure. 
Based on the findings in literature two unique reconfigurable approaches PaS and 
PLMC, as presented in Chapter 4 were developed and shown to each provide a means 
by which models can be created making use of pre-created building blocks. The PaS 
approach is outlined as one that provides model developers maximum flexibility where 
the form of the model is determined by the arrangement of various PaS submodels.  
Beyond the PaS approach the PLMC makes use of four model elements that are brought 
together by a developer to create a model whose structure is rigorously defined. The 
four elements include; 
a. Model development framework 
b. Structural templates 
c. PaS submodels 
d. Model parameters 
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The model development framework and structural template contribute to the model 
form, each at different hierarchical levels.   Apart from its reconfigurability the PLMC 
facilitates constrained model evolution making it suitable for use in development 
processes where many engineers are involved at once.  It provides a framework within 
which the structure of a model may be changed preventing proliferation of similar 
models. 
In demonstrating these reconfigurable approaches Chapter 5 and 6 present a number of 
PaS drivetrain submodels that have been developed as part of this work. The drivetrain 
submodels make use of a predefined and unified input-output structure such that 
drivetrain models of varying configuration may be created.  These are formed by taking 
a number of submodels i.e. clutch, gearbox, differential, etc as required from libraries of 
contextually similar submodels and connecting them to one another as is required.  The 
drivetrain submodels may be rearranged at will and organised to form a range of 
conventional drivetrain configurations.  The submodels are implemented within 
Simulink and are made realtime capable so as to be ready for use with realtime 
simulation techniques such as HiL. 
10.3 Parameter Elimination 
The Parameter Elimination and Model Evaluation Algorithm (“PEMEA”) as shown in 
Chapter 7 supports reconfigurable modelling activities by using established energy 
based parameter elimination methods.  The PEMEA indicates model parameters that are 
redundant (or of little significance) to the relevant output(s) of a particular simulation 
study and produces a rank of parameter activity relative to the total model activity.  The 
activity (Joules) relates to the energy elements that form a part of the model.  The 
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parameters associated with the energy elements of lowest activity, up to some threshold, 
become the targets for elimination. 
The information provided by the PEMEA may be used for a number of purposes; 
1. Elimination of unnecessary parameters.  
2. Elimination of parameters whose exclusion is judged to be of acceptable ‘cost’ 
to the output. 
3. Judging the importance and thus likely effect of the elimination of a parameter 
whose value is difficult to obtain or not available before a certain point in the 
development process. 
Together with activity ranking the PEMEA incorporates a model evaluation routine that 
successively eliminates the target parameters i.e. those with the lowest activity and 
calculates a comparison between the original (or empirical data) and parameter reduced 
model outputs of interest.  The comparison is made in both the time and frequency 
domains and informs a total error calculation. Comparison of the total error enables a 
model developer/user to select the best model which is a compromise between the 
number of parameters and the total error. As a result of these indications the parameters 
are eliminated by the MCT and the parametrically optimised and computationally 
efficient model automatically generated. 
The PEMEA may be used to benefit an MBD process, particularly in the early stages 
where the design project is being specified by the use of a model.  The draft model can 
be created using the PaS submodels sourced from any number of contextually similar 
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model libraries and assembled using either of the PaS or PLMC approaches.  
Parameterisation in the early stages of the design process can prove troublesome as it is 
most likely that hardware is not available for parameter measurement.  By eliminating 
parameters indicated by the PEMEA to be of least value to the simulation output a draft 
model may be created and simulated with fewer parameter requirements.  Additionally 
in the case where the parameters are judged to be of significance, the PEMEA allows 
evaluation of the cost of their exclusion i.e. the developer is wise as to each parameter’s 
contribution to an output and as such can make an informed judgement regarding 
elimination of the said parameter. 
10.4 Model Configuration Tool 
Bringing together the PaS submodels, PLMC and parameter elimination the MCT 
presented in Chapter 8 provides a GUI that on receiving a simple user specification 
automatically configures (and then reconfigures if required) a PLMC model.  Coupled 
with the ability of automatic configuration and reconfiguration the MCT incorporates 
the PEMEA such that after a model has been configured to a user’s specification it is 
optimised automatically for a particular simulation by the removal of insignificant 
parameters. 
This comprehensive approach to model creation, configuration, reconfiguration and 
then optimisation is of particular benefit to the MBD based processes.  A simulation 
model may be put together using the PLMC approach with the PaS submodels and the 
optimisation algorithms automatically run. In this way a parametrically and 
computationally efficient model is produced and made available for immediate 
simulation.  As the model is progressed through product development changes to its 
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structure may be undertaken automatically by the MCT such that a developer has no 
need to be involved with what may considered as modelling activities i.e. changing the 
model by manipulation of its fundamental parts.  The act of model development is thus 
as far as reasonably practicably possible removed from product development.  
10.5 Simulation Results 
Following from the development of the drivetrain models and in bringing together the 
various contributions of this body of work Chapter 9 demonstrates the operation of the 
PaS drivetrain submodels assembled in the form of a front wheel drive drivetrain.   
The PaS created model is subjected to step-input torque and the response of the model 
charted.  The response shows acceleration of the drivetrain and chassis as a result of the 
torque input and demonstrates the shuffle response in the drivetrain of circa 10 Hz.  
Beyond this a modified version of the PaS model is compared on a like-for-like basis 
with a Modelica model developed using the Dymola software.  The two models are 
subjected to a steady-acceleration manoeuvre that involves the input of a recorded 
torque input. The comparison revealed as expected very little difference between the 
respective model outputs, except a difference that is traced to the implementation of the 
lookup table in each software tool.   Through this comparison it was shown that the 
Simulink simulation completed very much more quickly, by a whole order magnitude 
than its Modelica counterpart.  
Following optimisation of the drivetrain model configured automatically using the MCT 
it was shown that by elimination of the energy based model parameters that the 
tendency is for the error between the parameter eliminated and original models (or 
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empirically obtained output) to increase.  In providing an optimum solution a 
compromise is made between the error and the number of parameter eliminations. The 
specifics of a compromise are dependent on the requirements of the simulation task at 
hand.  In the early stages of a product development process greater error is acceptable, 
as the development progresses (and more parameters become available) error tolerances 
may well be reduced. 
10.6 Conclusions 
The overarching aim of this body of work “the aggregation and advancement of existing 
simulation model creation and reconfiguration practise made use of within the 
automotive industry for product development optimisation in MBD and similar 
environments” has been successfully achieved.   
The two different reconfigurable approaches of PaS and PLMC accomplish the 
aggregation of best practice as observed in literature, the most important observations of 
which are highlighted in Chapters 2 and 3.  It has been shown that the PaS approach 
allows flexible creation of simulation models using a number of base submodels that 
may be easily arranged to suit the simulation task at hand and then later reconfigured as 
required.  The PLMC similarly makes use of PaS submodels but also provides an 
architecture within which the submodels may be placed.  The architecture provides 
constrained model evolution which is particularly suited for multi-user environments. 
Using either the PaS or PLMC approaches the act of simulation model development as 
required through a product development process is expedited.  The majority of effort 
involved with the task of submodel development is performed at a time much earlier 
Conclusions and Recommendations for Further Work 
168 
 
than the respective components are used.  The displacement of work relieves the 
product development process of the associated modelling effort.  Additionally since the 
reconfigurable approaches are developed such that reuse of their components is 
maximised, the overall effort required over a number development cycles is reduced. 
The energy based model optimisation routines facilitate rapid and automatic 
optimisation of a simulation model when using the MCT.  The result is a parametrically 
and computationally efficient model that may be made use of earlier than would 
traditionally be possible for the want of parameters unavailable early within 
development.   This coupled with the ability of the MCT to automatically configure a 
model to the specifications of a user, allow for even more rapid product developed. 
10.7 Recommendations for Further Work 
The work of this thesis is concerned with the investigation of reconfigurable modelling 
in the context of the automotive industry with application focussed particularly on 
drivetrain product development.  This foundational overview of reconfigurable 
modelling has many practical applications in a number of different industries where 
similar product development methods are employed i.e. MBD. 
In relation to the work that may be continued as a direct result of this study within its 
area of application i.e. automotive product development, the immediate possibilities of 
further work may be summarised as follows; 
• Development of the realtime drivetrain submodels, extending the variety of 
primary components that are available. This may be conducted to offer breadth 
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of choice for developers in providing different versions of submodels or 
alternatively by the addition of future technology components such as electric 
drives. 
• Validation of the drivetrain models over a range of different driving manoeuvres 
and vehicle configurations.  As a result of this it is likely that a number of 
additional drivetrain submodels or versions thereof are required. 
• Inclusion of a library of Real-Time Interface [105] submodels that allow 
interconnection of a number of different model inputs and outputs with physical 
hardware in particular hardware controllers i.e. ECU. 
• Consider the implementation of alternative non energy method based model 
optimisation routines such as the simple parameter elimination algorithm (see 
Appendix E) such that a further range (i.e. not energy based) of parameters may 
be eliminated. 
• Conduct a review of the user requirements for model specification so as to 
inform development of the MCT user interface.  It is expected that this is likely 
to vary for different organisational requirements and so may result in a number 
of ‘tailored’ solutions. 
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Appendix A – Exploded diagram of the clutch
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2
 Heisler, Heinz (2002) Advanced Vehicle Technology. London. Butterworth Heinemann. 
Figure A.1 An exploded diagram of a simple single plate clutch and 
composite flywheel. 
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Appendix B – Example submodel parameterisation file 
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Appendix C – ‘Typical’ vehicle parameters 
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D1.   Data Recording  
Data was recorded (at a sample rate of 100 Hz) from the CANBUS of a Ford Puma 1.6 
FN (automatic) during a number of driving manoeuvres as indicated by Table A1 
below.  All of the signals available on the CANBUS were recorded those of relevance 
to this work include; 
Signal Description 
Engine Speed eω  Speed (RPM) of engine flywheel 
Halfshaft Torque hT  
Front left halfshaft torque as measured by 
torque transducer. 
Master Vehicle Speed mV  
Vehicle speed measured from wheel speed 
sensor. 
Transmission torque losses lT  
Losses in transmission as calculated from 
lookup tables. 
 
D2. Data Processing 
To obtain a torque input to be used as a model input the torque as measured at the 
location of the front-left half shaft is used.  The input torque is calculated by removing 
the effect mechanical advantage of transmission gearing.  The transmission ratio is 
calculated; 
 60 0.06
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From which the input torque, iT  is calculated; 
 
h
i l
t
T
T T
r
= +  
The fixed ratio for simulation using a fixed ratio gearbox, fr  is calculated as the mean 
value of fr for the duration of the simulation, i.e.; 
 0
n
t
f
r
r
n
=
∑
 
where n is the number of data samples available for the period of the simulation i.e. 
3000 for 30 seconds of data collection (100 Hz). This fixed ratio is split between the 
final drive (4.2) and gearbox 3.03. 
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Figure D1 Data acquisition hardware. 
Figure D2 Driveshaft torque transducer. 
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Appendix E – SPESR Algorithm 
 
  
APPENDIX E 
201 
 
Simple Parameter Elimination Search Routine (“SPESR”) 
As an alternative to the use of EBMRM for parameter elimination the Simple Parameter 
Elimination Search Routine (“SPESR”) may be used.  SPESR is a search routine that 
similarly to the energy based method automates the parameter elimination procedure. 
A flowchart of the SPESR is shown in Figure A. Starting from the automatically 
created, generic model the routine searches for { }|U G E threshold⊂ <  where U  is 
the optimal reduced parameter set. 
Initially the user selects a ranked elimination target set, K  that contains a list of 
parameters to be investigated for elimination in preferential order.  The elimination set 
is likely to contain parameters that the user may wish, where possible to eliminate, such 
as for example those that are not easily available.  In the extreme caseK G= i.e. all the 
parameters are targets for elimination. 
For each of the parameters K the routine performs a number of simulations using a 
specified input. The simulation is repeated such that for each simulation a single 
parameter ip K∈ is eliminated from the model, this is repeated until ( ) 1n K +  
simulations have been completed. 
From this set of simulations an equal number of output vectors ( )1, ,...,o nY Y Y  are created.  
For each of the output vectors the error, E is calculated.  The eliminated parameter, ip  
associated with the minimum error is determined as a candidate for elimination.   
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Before addition of the candidate parameter to the elimination set U, the error associated 
with it is checked to ensure that the threshold value is not exceeded by elimination of 
the parameter.  Provided that the threshold is not exceeded the parameter is added to the 
elimination set.  The routine is repeated until the error threshold is exceeded. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A The Simple Parameter Elimination Search Routine 
Eliminate parameters 
( ){ }|ip K i n K∈ ≤  and 
L 
1i i= +  
Creation of model from 
library submodels, K . 
Simulate and calculate E 
( )i n K≥ ? 
yes 
no 
Select ip  corresponding 
to ( )min e  and add to U 
E threshold> ? 
yes 
no 
U
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Appendix F – VMA Structure 
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Appendix G – Full Model Structure 
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Appendix H – HiL Engine Model Top-level Structure 
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